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IN CHEAT BRITAIN, 



PREFACE TO THE FOURTH EDITION. 

In preparing the present Edition of this Text-book, I have endeavoured 
to bring every section of it abreast of the onwanl march of (icological 
Science. Some portions have been recast or rewritten ; othei^ have been 
largely augmented by the incorporation of the results of the ktest 
rcvsearches, Vhile between thirty and forty illustrations have l)een adWed. 
As the new material thus supplied amounts to 300 pages^the work 
has now been divided, for more convenient use, into two volumes; but 
to facilitate reference their pagination has been made continuous. So 
lininterruptod, liowever, is the progress of investigation, that since the 
sheets of most of tlie book were successively printed olf, various valuable 
memoirs have appeared of which it has not been jiossible to make use. 

As in previous Editions, copious references have been inserted to 
sources of more ample information in each branch of the science. A 
detailed Table of Contents for the whole work is placed at the beginning 
of the first volume, while the Index of Subjects at the end of the second 
volume has been made as full as the retpiirements of the student s«imod 
to demand, 'fhese requirements have Im-ch further kept in view by the 
insertion of numerous cross-referenees, which it is hoped will enable the 
reader more easily to follow uj) any desired jiath through the variou* 
sections of geological empury. 

I have to acknowledge with grateful thanks the valuable assistance 
given by Mr. H. Woods, F.(1S., of the Wm)dwardian Museum, Cam* 
bridge, iu the revision of the Stratigraphical (Jeology, which forms 
Book VT. He has gone through tiie great labour of checking the 
synonymy of the genera ami species of fossils and of bringing it up to 
the present stage of palaiontological nomenclature. 


ifoy 1908. 




FROM THE PREFACE TO THE FIRST EDITION. 

• 

The method of trentraent adopted in this Text-book is one which, w^ilo 
conducting the class of Geology in the University of Edinbur^i, 1 have 
found to afford the student a good gnisp of the general j)rincij>ie8 of the 
science, and at the same time a famdiarity with and interest in details of 
which he is enabled to see the bearing in the general system of know- 
ledge. A jwrtion of the volume appoareil in the autumn of 1879 as the 
article “Geology” in the Encifclopmdut Hritaimm. My leisure since that 
date has been chiefly devoted to expanding tho.se sections of the treatise 
which could not be adequately developed in the pages of a general work 
of reference. 

While the book will not, I hope, rej)el the general reader who cares 
to know somewhat in detail the facts and principles of <;»ie of the most 
fascinating branches of natural history, it is intended primarily for 
students, and is therefore adapted specially for their use. The digest 
given of each subject will be found to be accompanied by references to 
memoirs where a fuller statement may he sought. It has long been a 
charge against the geologists of Great Britain that, like their countrymen 
in general, they are apt to be somew^hat insular in their conceptions, even 
in regard to their own branch of science. Of course, specialists who have 
devoted themselves to the investigation of certain geological formations 
or of a certain group of fossil animals, have niiide themselves familiar 
with what has been written upon their subject in other countries. But I 
am afraid there is still not a little truth in the charge, that the general 
body of geologists here is but vaguely ac({uaintcd with geological types 
and illustrations other than such as have l>een drawn from the area of the 
British Isles. More particularly is the accusation true in regard to 
Ai^erican geology. Comparatively few of us have any adequate concep- 
tion of the simplicity and grandeur of the examples by which the principles 
of the^ science have been inforced on the other side of the Atlantic. 

• Fully sensible of this natural tendency, I have tried to keep it in 
constant view os a danger to be avoided as far as the conditions of my 
ta^V^ld allow. In ^ text-book designed for use in Britain, the illustra- 
tions muft obviously 4b in the flrat place British. A truth can be enforced 
vii 
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much more vividly by an example culled from familiar groi^d than by 
one taken from a distance. But I have striven to widen th^ vision of the 
student by indicating to him that while the general principles of the 
science remain uniform, they receive sometimes a clearer, sometimes a 
somewhat different, light from the rocks of other countries than our own. 
If from these references he is induced to turn to the labours of our fellow- 
workers on the Continent, and to share my respect and admiration for 
them, a largo part of my design will have been accomplished. If, further, 
he is led to study with interest the work of our brethren across the 
Atlantic, and to join in my hearty regard for it and for them, another 
important section of my task will have been fulHlled. And if in perusing 
these pages he should find in them any stimulus to explore nature for 
himself, to wander with the enthusiasm of a true geologist over the length 
and broa(ith of his own country, and, where opportunity offers, to extend 
his oxperi(^ice and widen his sympathies by exploring the rocks of other 
lanm, the remaining and chief part of my aim would be attaineti. 

Ihe idustrations of Fossils in Book VI. have been chiefly drawn by 
Mr. (leorge Sharman ; a few by Mr. B. N. Peach, and one or two by Dr. 
R. 11. Traquair, h.R.S., to all of whom my best thanks are due. The 
publishera having become possessed of the wocxl-blocks of Sir Henry de 
la Beche’s ‘ (leological Observer,' 1 gladly made use of them as far as they 
could be employed in Books III. and IV. Sir Henry’s sketches were 
always both clear and artistic, and I hope that students will not be sorry 
to 8CH3 some of them revived. They are indicated by the letter (B). The 
engravings of the microscopic structure of rocks are from my own draw- 
ings, and I have also availed myself of materials from my sketch-books. 
The frontispiece is a reduction of a drawing by Mr. W. H. Holmes, whoso 
pictures of the scenery in the Far West of the United States are by far 
the .most remarkable examples yet attained of the union of artistic 
effectiveness with almost diagrammatic geological distinctness and accuracy. 
Captain Dutton, of the Geological Survey of the United States, furnished 
me with this drawing, and also requested Mr. Holmes to make for me 
the caiion-sections given in Book VII. To both of these kind friends I 
desire to acknowledge my indebtedness. 
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INTRODUCTION. 


Geology is the science which investigates the history of t)ie l^iirth. 
object is to trace the progress of our planet from the earliest ]>egi^hng8 
of its separate existence, through its variou.s sUiges of growth, down to 
the, present condition of things. L’nr.i veiling the coin})licat<‘(l processes 
by which each continent and country has l>een built u}>, it traces out 
• the origin of their materials and tlui successive stages by which these 
materials have been brought into their present form and position. It thus 
unfolds a vast series of geographical revolutions that have affected both 
land and se^v all over the face of the globe. 

Nor does this science confine itself merely to changes in the inorganic 
world. Geology shows that the present races of plants and animals are 
the descendants of other and very different races that once peopled the 
earth. It teaches that there has been a progress of the inhabitants, as 
well as one of the globe on which they have dwelt ; that each successive 
period in the earth’s history, since the introduction of living thing.s, has 
been marked by characteristic types of the animal and vegetable king- 
dom.s ; and that, how imperfectly soever they may have been preservetl or 
nuiy be deciphered, materials exist for a hi.story of life u|>()n the planet. 
The geographical distribution of existing fauna.s and floras is often made 
clear and intelligible by geological evidence , and in a similar way, light 
is thrown upon some of the remoter pha.ses in the history of man himself. 

A subject so comprehensive as this must napiirc a wide and varied 
basis of evidence. (3ne of the characteristics of geology is to gather 
evidence from sources which, at first sight, seem far removed frr>tn its 
scope, and to seek aid from almost every other leading branch of science. 
Thus, in dealing with the earliest conditions of the planet, the geologist 
must fully avail himself of the lalxmrs of the astnmomer. Whatever is 
ascertainable by telesco^, spectroscope, or chemical analysis, regarding 
the constitution of other hej^venly bodies, has a geological bearing. The 
eigperiments of the physicist, undertaken to determine conditions of 
4natter and of energy, may sometimes be taken as the starting jioint of 
geological investigation. The work of the chemical lalsiratory forms the 
foundatiot^of a vatt aii^*increasing mass of geological inquiry. To the 
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botanist^ the zoologist, even to the unscientific) if observant^ traveiier by 
land or sea, the geologist turns for information and assistance. 

But while thus culling freely from the dominions of other sciences, 
geology claims, as its peculiar territory, the rocky framework of the globe. 
In the materials composing that framework, their composition and 
arrangement, the processes of their formation, tlie changes which they 
have individually undergone, and the grand terrestrial revolutions to 
which they hear witness, lie the main data of geological history. It is 
tlio tusk of the geologist to group these elements in such a way that they 
may he matle to yield up their evidence as to the march of events in the 
evolution of tlie jdanet. lie finds tljat they have in large measure 
arranged themselves in chronological scipience, — the oldest lying at the 
bottom and the newest at the top. Relics of an ancient sea-floor are 
overlaifi with traces of a vanished land surface, these are in turn covered 
^>V the (leposits of a former lake, alsjve wliicli once more appear proofs of 
tjiie return of the sea. Among these rocky reeord.s, too, lie the lavas and 
ashes of long extinct volcanoes. The ripple left upon a sandy beach, the 
cracks formed by the sun’s beat upon the muddy Imttom of a dried-up 
pool, the very im(>riiit r»f tin* drops of a fiassing ram showci, have all been 
accurately preserved, and often bear witnc.ss to geogiapliical conditions 
widely different from tliose that exist where such markings are now 
found. 

Rut it is mainly hy tlie remains of plants and animals imbedded in 
the rocks that the geol(>gist is guiiled in unravelling the chronological 
NiU’cession of geological changes. Ho has found that a certitin order of 
appearance characterises tluxse organic remains; that each successive 
group of rocks is marked by its own sju'cial types of life ; that these types 
can be recognised, ami the n)cks in which they occur can be correlated, 
eren in distant countrie.s, where no other means of comparison are 
available. At one moment, he has to (feal with the bones of some large 
mammal scattered through a dcjiosit of superfioial giavel ; at another time, 
with the minute foramiiiifers and ostracod.s of iiti upraised se{i-bottora. 
Corals and crinoids, crowded and crushed into a massive limestone on the 
spot whore they lived and died, ferns and terrestrial plants matted 
together into a bed of coal where they originally grew, the scattered shells 
of a submariiio sand bank, the snails and lizards that left their mouldering 
remains within a hollow tree, the insects that have been imprisoned 
within the exuding resin of old forests, the footprints of birds and 
quadrupeds, or the trails of xvorms left upon former shores — these, and 
innumerable other pieces of evidence, enable the geologist to realise in 
some measure what the vegetable and animal life of successive periods 
has been, and wKat geographical changes the site of every land has 
undergone. , « 

It is evident that to deal successfully with these varied materials, a 
considerable acquaintance with different brioches of science is desirable. 
The fuller and more accurate the knowledge which the geologist lu& 
kindred branches of inquiry, the more interesting and fruitful;; will be his 
own researches. From its very nature, geolo^ deoLmds oi^ the pui, of 
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its votaries wide sympatby with investigation in almost every branch of 
natural science* Especially necessary is a tolerably large acquaintance 
with the processes now at work in changing the surface of the earth, and 
of at least those forms of plant and animal life whose remains are apt 
to be preserved in geological deposits, or which, in their structure and 
habitat, enable us to realise what their foreninners were. 

It has often been insisted upon that the Prese/it is tlie key to the Past; 
and in a wide sense this assertion is eminently true. Only in proportion 
as We understiind the present, where everything is open on all sides to the 
fullest investigation, can we expect to decipher the past, where .><0 much 
is obscure, imperfectly preserved, or not j)reserved at all. A study i)f the 
existing economy of nature ought evidently to be the foundation of the 
geolo^iist’s training. 

While, however, the present condition of things is llius employed, we 
must obviously he on our guard against the danger of uncoiisciouMy assum- 
ing that the phase of nature’s operations which wo now witness lias hdtn 
the same in all past time ; that geological changes have taken j^ce,«in 
former ages, in the manner and on the st^lc which we heliold lo-day, and 
that at the present time all the great geological processes, whieli have 
proiluced changes in jyast eras of the earth’s history, aie still existent 
and active. Of course, we may assume tins unifonnily of action, and use 
the assumption as a working hypothe.sk Put it ought not to be allowed a 
firmer footing, nor on anv account be suffered to blind us to the ob\iou8 
truth that the few centuries, wherein man has been observing nature, form 
much too brief an interval by which to measure the iiitensitv of geological 
action in all piist time. For aught we can tel), the present is an era of 
quietude and slow change, compared with some of the eras that have 
preceded it. Nor can we be .sure that 'when have ox}»lore(l every 

geological process now in progress, we ha\<> exhausted all the causes of 
change which, even in comparatively recent times, have been at work.* 

In dealing with the (Jeological Record, as the af'cessilile solid })art of 
the glol>e is called, we cannot too vividly reali.se that, at the best, it forms 
but an imperfect chronicle. Geological history cannot l>e compiled from 
a full and continuous series of documents. Owing to the very nature of 
its origin, the record is necessarily fnmi the first fragmentary, and it has 
been further mutilated and obscured by the revolutions of successive ages. 
Even where the chronicle of events is continuous, it is of very unequal 
value in different places. In one case, for exam})le, it ma}’ present us 
with an unbroken succession of deposits, many thousands of feet in thick- 
ness, from which, however, only a few meagre facts as to geological 
history can he gleaned. In another instance, it brings before us, within 
the compass of a few yards, the evidence of a most varied and complicated 
series of changes in physical geography, as well as an abundant and 
interesting suite of organic remaina These and other characteristics of 
the geological record will ^come more apparent and intelligible to the 
#i^dent as he proceeds in the study of the science. 

Ilk present volume the subject will he distributed under the follow* 
ingleadinj; divisions ^ • 
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1. The Cosmml Aspects of Geology.— It is desirable to iWlise some of 
the more important relations of the earth to the other* members of the 
solar system, of which it iorma a part, seeing that geological phenomena 
are largely the result of these relations. 'Ihe form and motions of the 
planet may he hrietiy touched upon, and attention should be directed to 
the way in which these planetary movements influence geological change. 
The light cast upon the early history of the earth by researches into the 
comjKJsition of the sun and stars deserves notice here. 

2. Geognosy — An Impiiry into the Materials of the EariKs Substance . — 
This division describes the constituent parts of the earth, its envelopes of 
air and water, its solid crust, and the probable condition of its interior. 
Especially, it directs attention to the more important minerals of the crust, 
and the chief rocks of which that crust is built up. In this way, it lays 
a found;^‘tion of knowloilgo regarding the nature of the materials consti- 
tuting the mass of the globe, whence we may next proceed to investigate 
the processes by which these materials are proiluced and altered. 

^'i^J)ymimical Geology embraces an investigation of the operations which 
lead to the formation, alteration, and-disturbance of rocks, and calls in the 
aid of physical and ehemiail e.xpernnent in elucidation of these operations. 
It considers the nature and operation of the processes that have deter- 
mined the distribution of .sea and land, and have moulded the forms of * 
the terrestrial ridges ami depressions. It further investigates the geo- 
logical changes which are in progress over the surface of the land and 
floor of the sea, whether these, are <lue to subterranean disturbance, oi to 
the eflect of operations above ground. Such an in<iuiry necessitates a 
careful study of the existing economy of nature, and forms a fitting intro- 
duction to the investigation of the geological changes of former periods. 
This and the previous section, including mo.st of what is embraced under 
Physical Geogra|)hy and Petrogeny or Geogeny, will here be discussed 
more in detail tlian is usual in geological treatises. 

4. Geotfdonic, or Strudund Geology — the Architedure of the Earth . — 

This section of the investigation, ap}>Iying the ie.sults arrived at in the 
previous division, discusses the actual arrangement of the various materials 
composing the crust of the earth. It proves tliat some have been formed 
in he'da or stmta, whether by the deposit of sediment on the fioor of seas 
and lake.s, or by the slow aggregation of organic forms ; that others have 
been poured out from subterranean sources in sheets of molten rock, or in 
showers of loose dust, which have been built up into mountains and 
plateaux. It further shows that rocks originally laid down in almost hori- 
aontal Iwds have subsequently been crumpl^, contorted, dislocated, invaded 
by igneous masses from below, and rendered sometimes crystalline. It 
tMcbes, too, that wherever exposed above sea -level, they have been 
incessantly worn down, and have often been depressed, so that olSer lie 
buried beneath later accumulations. ^ 

5. Palceontological Geology. — This branch of the subject deals with^he 
organic forms which are found preserved in the rocks of the crust of tl^ 
earth. It includes such questions as the manner in which tils feijtains 
of plants and animals are entombed in sedimeatar^accumiilations, the 
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relations betS^een extinct and living typos, the laws which appear to 
have governed tho distribution of life in time and in space, the nature 
and use of the evidence from organic remains regarding former conditions 
of physical geography, and the relative importance of different geneni of 
animals and plants in geological inquiry. 

6. Sfratigraphical Geologif . — This section might he called Geological 

History, or Historical Geology. It works out tlio chr()iu)logical succession 
of the great formations of the earth’s crust, and endeavours to trace, the 
sequence of events of which they contain the record. More jwrticularly, 
it determines the order of succession of the various plants and animals 
which in past time have jwiopleti the earth, and thus, by ascertaining 
what has been the grand march of life uix)n the planet, seeks to unravel 
the story of the earth as made known l>v the rocks of the crust. 
Fui thcr, by conqwring the sequence of rocks in one cuuntry ^‘th that 
of those in another, it furnishes materials for etmhlirig us to picture tj^p 
successive stivges in the geographical evolution of the various portions^f 
the earth’s surface. • • 

7. Phymgmphicd stiirting from tlie hasi.s of fact, laid down 

}>y stratigraphical geology regarding fomier geographical changes, 
embraces an imjuir}’ into the hi.story of tiie present features of the 
earth’s surface — continentid riilges and ocean basins, plains, valleys, and 
mountaiiLS. It investigates the structure of mountains and valleys, 
compares the mountain.s of diUcrent countries, and asccrtjiins the relative 
geological dates of their upluiaval. It exjilains the causes on which 
local differences of scemuy depend, and shoves un(h*r what very (lifferent 
circumstances, and at what widely separated inUTvals, the varied 
contours, even of a single country, have been produced. 

In the present text-book references arc given in each section of the 
sulijcct b) fuller s’ources of information to which the student may 
profitably turn. Ihit it may be useful to him to have here a preliminary 
statement regarding general works of reference, some of which ho might 
with lulvantage add to his library. 

WORKS OF KEFEREXCK, ETC. 

History of Geological Science. -When he lian inaric fiome general acquaintance 
with the nature and S(’0|>e of geology, the learner will derive gieat benefit from a coiirao 
of historical reading, which will enable him to trace the. development of ideas and the 
gradual establishment of recognised priiieiples ujKin an ever-wuioning basis of ascertaincsl 
fact. The history of a science is best told in the lives and woiks of lliose who have lieen 
the chief workers iii it. In the records of snentihe aihiovemenl there are few more 
interesting chapters than those which trace the hirtii and growth of geology. One who 
niaketPhimself familiar Avith these chapters wdll find that they enlarge his conceptions of 
the meaning and bearings of geological theory, and give a kcenei human interest to many 
of the inquiries which he has to pursue. It will eventually be found most satisfaotory 
to the original sources of information ; but as these are scattered throngh 
different languages and are not always easily accessible, the student may at first with 
advapt^ge Inake use of such digests of the history as may come into hi.s hands. The 
first four chifiters of KyelTA ‘ Frinoiples of Geology' have long been the chief aource 



INTRODUCTION 




of information to EngJtBh-speakinff readers regarding the history of the progress of the 
science. Excellent as they are, they need amplilication, especially fJr the period after 
the middle of the eighteenth century. Whcwell's ‘ History of the Inductive Sciences ^ 
may also be usefully consulted. I have trieii to supply some further details in 
iny ‘Founders of Geology,’ which deals more particularly with the progress made 
between 1750 and 1820. in French, the works of D’Archiac are valuable ; his ‘ Histoire 
des IVogris de la Gcologie,’ in eight volumes, brings down the record, especially of 
French workers, from 1834 to 1850, while his ‘Cours de Pal<5ontologie Stratigraphiquo’ 
(1862) and his ‘G«5alogio et Pal^ontologie ’ (1866) may be consulted. In German, 
Keforstein’s ‘Geschichte und Literatur der Geognosie ’ gives a convenient summary 
down to the year 1840, More valuable is the excellent digest by Professor Zittel in 
his ‘Geschichte der Geologic und Palaontologio bis Ende des 19. Jahrhunderts’ (1899). 
From these different treatises the student will be able to select such historical questions 
as he may wish to pursue, and the various authors througli whose writings he may be 
able best to trace the progress of research. 

Rofcrciree may be made hero to the ‘Catalogue des Bibliographies Gdologiques, ’ by 

Emtii. de Maigerie, published under the auspices of the International Geological 
Coaigie^, Palis, 1898, pp. xx, 733 — a storehouse of directions for sources of information 
in all ii^artinents of geology, and for all parts of the world. 

Guides to M othods of Geological In vostigation.-- Various hand books have 
been published in this country and elsewhere as aids in the prosecution of geological 
investigation in the field and in the laboratory. The following list comprises a number 
which may be found of service : — 

Ami Bone, ‘ Guide du Ufiologue Voyageur,’ 2 vols. 1835-36. 

Baron F. von Hiebthofen, ‘FuhrerlUr Forscliungsreisende.’ Berlin, 1886. 

Keilhack, ‘Lohrbuch der praktischen Geologic — Arbeitcn und Untersuchungs- 
methoden auf dem Gebiete <ler Geologie, Mineralogic und Palaontologie.’ 
Stuttgart, 1896, 

W. II. Penning, ‘A Text-book of Field Geology,’ with section on Pahcontology by 
A, J. Jukes-Browne. London : Baiili^rc and Co. *2nil edition. 1879. 

!i. Geikie, ‘Outlines of Field Geology.' I,ondon : Macmillan and Co. 5th 
edition. 1900. 

* Manual of Scientific Enquiry.’ Publisheil for the Admiralty. 5th edition. 1886. 

G. A. T. Cole, ‘Aids in Practical Geology.’ London: Griffin and Co. 3rd 
edition. 1898. 

II. Roaenbusch, ‘ Mikroskopische Physiographie der Mineralien und Gesteine.’ 

2 vols. 3rd edition. 1896. Also the English version, ‘Microscopical Physio- 
graphy of Rock • forming Minerals,’ by J. P. Iddings. 3rd edition. 1898. 
Further works of reference in Petrography will be found enumerated in Book II. 
Part II. Sect. iii. § iv. 

L de Ijaunay, ‘G6ologie Pratique.’ 1901. 

General Treatises or Text-books of Geology.— Out of the vast number of 
class-books, hand-book.s, and other sunimarie.s of the elements, principles, and chief 
results of geological investigation, it is only possible to find room here for the mention 
of a few of the more important, and especially of the more recent, works and editions. 

A. De Lappa rent. ‘ Traito de Gtologie. ’ Paris. 4th edition. 1900; in three volames 
containing 1912 pages. This is the standard treatise in French. ^ 

H. Credner, ‘ Elemonte der Geologic.’ 8th edition. 1897. 

E. Suess, ' Antlitx der Erde.’ 3 vols. French turns, by E. de Margerie tpd<other8, 
with title, ‘La Face do la Terre.’ Paixs, vol. i. 1817 : vol, ,m. 1900. ® 

£. Ka 3 'ser, 'Text-book of Com|M»rativo Geology.’ Trans. P. Lake. Lo^on, 18M. 
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A. SttfiMi, * Orandxllge der'^hysitoheo Erdknnde.’ 2nd enlarged edition. Leipzig, 
1891 An^xcellent digeet of physical geography and geology. 

S. Gunther, ‘Handbuch der Geophysik.’ 2 vols. Stuttgart, 1897-1900. A remark- 
ably roluminous digest of the whole vast subject, with full referenors to original 
authorities. 

A. Penck, ‘Morphologie der Erdoberflache.’ 2 vols. Stuttgart, 1894. 

F. Toula, ‘Lehrbnch der Geologic ’ Vienna, 1900. 

K. Fritsch, ‘ Allgeineiue Oeologie.’ Stuttgart, 1888. 

A. Stoppani, ‘Corso di'Geologia.’ 3 vols. Milan, 1871-73. 

J. D. Dana, ‘Manual of Geology.’ 4th edition. New Yoik, 1895. Valuable for 
ita information regarding American geology. 

J. Le Conte, ‘Elements of Geology.’ New York, 1889. 

W. B. Scott, ‘An Introduction to Geology.’ New York, 1897. 

De la Noe and K de Margerie, ‘Los Formes du Terrain.' Paris, 1888. 

K. A. von Zittel, ‘Handbuch der Palaeontologie,’ 5 vols. French trans. by 

Barrois. 'Grundzuge der Palaeontologie.’ Trans, into Ktiglisl^^ by t^ R, 

Eastm*^, with great modifi('ation.s, and published as a ‘Text-book of I'ajp*- 
ontology,’ vol. i. 1900 ; vol. ii. 1902. 

A. Smith Woodward, ‘Outlines of Vertebrate Palaeontology for Students of JooM^y,’ 
pp. xxiv. 470. Cambridge, 1898. 

D. II. Scott, ‘Studies in Fossil Botany,’ pp. xiii, .553. London, 1900. 

A. C. Seward, 'Fossil Plants •.—■for Students of Botany and Geology.’ Cainbiidge, 

vol. i. (1898). 

Zeiller, ‘Elements de Pnltiobotanique.' Pans, 1900, pp 421, Other works are cited 
at the beginning of Book V. 

Works on the applications of Geology; 

J. V, Elsden, ‘Applied Geology.’ In two parts. Ixnulon, 1898-99. 

G. P. Merrill, 'Stones for Buikling and Decoration.’ 2nd edition. New York: 

Wiloy ; London: Chapman an<l Hall. "Fbe I’hysical, Chemical, and Economic 
Properties of Building Stones,' Maryland Geol. Survey. Special publ. vol. ii. 
part ii. Baltimore, 1898, ^ 

S. M. Burnham, ‘History and Uses of Limestones and Marbles ’ Boston : Cassino, 
1883. 

E. R. Buckley, “On the Building and Ornamental Stones of Wisconsin," IViacoruin 
Geol. Surv. Bulletin, No, v. Madison, Wis., 1898. This writer contributes a 
useful paper on “The Pmjterties of Building Stones and Methoda of determining 
their Value," Journal of Geology, Chicago, vol. viii. 1900, [ip. 160, 333, 526, 
and snpplie.s there a copious list of references to the subject. Sex; also a 
paper by A. A. Julicii in Jour. Frnnkhn Jud. Peniutylvania, cxlvii. (1899), 
pp. 257, 378. 

0, Herman, ' Steinbruch-Industrie und Steinbriicb-Geologie,’ pp. 428. Berlin, 1899. 

H. Oruner, ' Landwirtschaft und Geologic.’ 1879. 

H, E. Stockbridge, ‘Rocks and Soils.’ 1885. 

R, Warington, ‘Lectures on some of the Physical Properties of Soil,’ pp, xv, 231. 
Oxford, 1900, 

|I. B. Woodward, “Soils and Subsoils from a .Sanitary Point of View,” Mem. 
Otol. Surv. 1897, pp. vi, 58. 

W. Whitaker, “Geology |nd Sanitary Science," Jour. Sanitary Inti., vol, xviii. 
(1897), pp. 804-816. 

H. Penning, ‘ Engineering Geology.’ London, 1880. 

, Galloway, ‘A Course of Lectures on Mining.’ Cardiff. Published by South 
W^lea InatBnte of^Bhgineen. 1900. 
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W, Sraytb, * A RudimenUry Treatiae on Coal and Coal-mining.' 8tli/dition, revised 
and extended by T. Forster Brown, pp. vi, 346. London, 1900. 

J. A. Phillips and H. Louis, ‘Ore Deposits,’ 2nd edition, 1896.* 

C. le Neve Foster, ‘A Text-book of Ore- and Stone- mining.’ 4 th edition. London, 
1902, 

F, A, Fuhror, ‘Sal/bergen und Salinenkuude,’ p, 1124. Brunswick, 1900. 

Geological Maps. — It is imfMssible to follow intelligently the descriptions of the 
distribution of the rocks and the geological structure of a country without recourse to 
the best geological maps that are available. For the broader questions of geology and 
physical geography the maps of Bergbaus and those of the Physical Atlas now in course 
of preparation by Bartholomew of Fldinburgh will be found of value. For the geology 
of particular continents and countries the following list contains the more important 
and accessible maps 

KUROPK. 

Carte Gcologique Internationale do TEurope (Congres Internationale de Geologic). 
1 :\500,000. 49 slioets, 1). Renner, Berlin. 

durchison and Nicol, Geological Map of Europe. 1 : 4,800,000. Keith Johnston, 
Edinbuigh. 

Dii^at, Carte Giiologiquo de I’Europe. 1:4,000,000 approx. Noblet, Paris and 
Lit^ge. 

Prestwich, Geological Map of Europe (in Prestwich’s ‘ Geology,’ vol, ii.). 1 : 9,600,000 
approx. Clarendon Press, Oxford, 

Habenicht, Geolog. Karte Kuropa (m Petermann’.s ' Mittheilungen,' 1876). 

1 : 16,000,000. Justus Perthes, Gotha. 

England and Wales.— Geological Survey Maps in three scales, 6 inches to a mile, 

1 inch to a mile, and \ inch to a mile. 

On the largest scale (1 : 10, .660) only maps of tlie mineral districts are published. 

One-inch scale. 110 .sheets, ohl senes ; 360 sheets, new series. 1 : 63,360. 

Goiioral map on scale of i inch to a mile. 15 .sheets 1:250,000, 

Geological Map of England and Wales (A. Geikie). 1:63.3,600. Bartholomew, 
Edinburgh. 

iGeological .Map of England and Wale.s (Sir A Ramsay). 1 : 700,000 approx. 
Stanford, Lontlon. 

Scotland. -Geological Survey Maps. 131 sheets of 1-inch scale. 1 ; 63,360. (Mineral 
distucts, as above.) 

Geological Map of Scotland (A, Goikie). 1 : 633,600. Bartholomew, Edinburgh. 

Ireland, — Geological Suivey Maps on the scale of 1 inch to a mile. 206 sheets. 

1 : 63,. 360, as above. 

Geological Map of IrL>land (K. Hull). 1 : 500,000 approx, Stanford, London. 
France. —Cai to G6ologique di^taillce do la France (Service de la Carte Geol., Ministke 
des Travaux Publics). 1 . 80,000. 267 sheets ; smaller scale, 1 : 320,000. 33 

sheets ; general map, 1 : 1,000,000. Bandry, Paris. 

Vasspiir ct Carez, Caite G^ologique <le la France. 1 : 600,000. Comptoir G^ologique, 
Paris, 

I.rf»vasHeur, Carte G*Jologiquo de la Franco. 1 ; 3,600,000. De la Grave, Paris. 

Carte Cu'^ologiqne de la France. 1841. (Brochant de Villiers, Dufreuoy et JE. do 
Beaumont, Minist^re dos Travaux Publics). 1:500,000. ParLs. 

Qamany. — Geologisohe Specialkarte d. Preussisch. Si, d. Thuringisch. Stxiateu (K., 
Proiiss. Geologisch. LandesaiisUlt u. Bergakademie). 1 : 25 , 000 . 4600 sheeV 
(including those on same scale of Saxony, Baden, and other States). P. Parey, 
Berlin ; J. H. Neumann, Berlin. * 
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Leptio*, Geologitche K«rt« d. Deutschen Beichs. 1 : 500,000. 27 tbeeU. J. 

Perliiet, Qotha. 

Ba4«a. — Gdolog. Specialkarte d. Grossherzogthums Baden (GroMhen, Badlich. 
(teolog. Landeaanstalt), 1 : 26,000, Winter, Heidelberg. 

Frus, Geognostische Wandkarte d. Wurtemberg, Baden, u. Hohen^ollorn. 
1 : 280,000. Schweizerbart, Stuttgart. 

Bavwria.— Geognostische Karte ron Bayern Gumbcl (K. Bayer. Staatariiinisterium 
dc8 Iimern). 1 : 100,000. Fischer, Cassel. 

Alaace - Lorraine. — Geolog. SpciHlkarte von KIsaHs-Lotbringen (Ocolog. l.atides* 
untersuchung von Elsass-Lothringeu). 1 .2r),000 Schultz, Stnissburg. 

Hetae. — Geolog. Karte dea Grossherzogthum.s Hessen (Orossherzog. Hess. Geolog. 
Jjandesanstalt, Ministeriuni des Inucrn). 1:25,000. Bcrgslrisser, Dannsfadt. 
Geolog. Specialkarte dcs Grossherzogthnms Hessen (Slittelrlieinihch, Geolog. 
Verem). 1 : 350,000. Jonghaus, Stuttgart and Darmstadt. 

Saxony.— Geolog. Specialkarte <le.H Konigreichs Sachsen (Geolog. Landesaiistalt des 
Konigreicha Sachsen). 1 : 25,000. Engelinaiin, l-i‘i|tzig. ^ 

Wtirtemberg. — Geolog. Spocialkartenatlaa (K. Wurtemberg. Statistisch. Lamlossmt). 
1 : 60,000. Stuttgart. 

Dberaichtskjirte (K. Wurtemberg. Statistisch, liandesamt). 1:600,000. Stuttgart. 
See also Baden (Fraasl. 

AuBtria-Hungary.--(ieolog Sjjecialkarte des Gesterrcieli lingnri.sch, Monaichie (KK. 
Geolog. Heich.sanstalt). 1 : 75.000. About 750 sheets, including Hungary, etc. 
I./echner, Vienna. 

Von Hauer, Geolog, Karte von Oesteireuli-Ungani. 1:576,0(>0. 12 sheeta. Do. 

1 : 2,016,000. Holder, Vienna. 

Hungary,— Geolog. Karto von Ungain (K. Ungar Geolog. Anstalt). 1:76,000. 
(About 350 sheets ; see above ) Do., 1 : 144, QUO. Buda-Pesth. 

Carte Geologique de Hongiie (SocieU'; Gcologujue de Hongrie). 1 : 1,000,000. 
Kilian, Buda-Peslh, 

Bohemia.— Geolog. Karte von Ihdimen {'Comite On die Xaturwi.s8. I>andesdurch- 
forschung von Bohmen). l:2U0,00o. Rivnaf, Prague 
Bosnia and Hercegovina. — Geolog. Karte vmi Bo.snien niul der Hercegovina (Geolog. 
Landesdurclifoischung von Bosnien u. Hercegovina). 1:75,000. 56 »hr«te. 

Sarajevo. 

Geol, Map in ‘Oeologio d. BoHnien-Herccgovina,’ by Mojsisovics, Tietze, und 
Bittner. 1:376,000. Holder, Vienna. 

Galicia. — Atlas Geologicz.ny Galicyi (Wydawnietwo Kornisyi Fi/yjograficznej 
Akademii Umiejetnosei). 1:75,000. 103 sheets. (Vacou. 

Boomania. — Harta GoologicA Generala a Ilomanei (Birone Geologic. IJniversitat, 
Buchare.st), 1:200,000. 5 i sheeta. Buch.arest. 

Italy.— Carta Geologica d’ltalia (It. Conutato Genlogico, ('or|K> Heale delle Miniere). 
1:100,000. 277 sheets. Do,, 1 : 1.000,000. 2 sheets. R. UHicio Geblogico, 

via Sta Susanna, Rome. 

Belgium. — Carte Geologique de la Belgique (Conmiisnon Geologiijue de la Belgique). 
1:40,000. 226 sheets. 2 rue Laterale, Btu.ssels. Do. (an larlier survey, 

1 : 20,000, not complete, and sheets reproduced on Die 1 : 40,000). 
yewalque, Carte Gdologique do la Belgique. 1:500,000. Vaillant-Caruiane, 
Li^ge. 

Holland. — Geolog. Kaart van lliederlaiid (Commiasie voor het Goologiach Onderzoek.}. 

1 : 200,000. 28 sheets. Kruaeman, Haarlem. 

Ilonmark. — Geologisk Kort over Danemark (Daiimarks Geologiske Undertogelse). 
. * 1 ?100,000. Jteitzel, Copenhagen. 
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SwidtiL— K«rtor of Srerigos Goologiska Underadkoing. Sor. As, 1 : 50,0db. 350 sbeeti. 
S«r. Ab, 1 : 200,000. 90 sheets. Ser. Ac, 1 : 100,000. Norstsdt, Stockholm. 
Ofversigtsksrt Sverige Qeologieka Undersokning. 1:1,500,000. Norstedt, Stockholm. 
Honray. — Oeol. Rektangelkarter, Norges Oeologiske Uiulersdgelse. 1:100,000. 
Christiania. 

fDabll, Nordlige .Norge. 1 : 1,000,000. Steenballes, Christiania. 
iKjcrulf, Sydlige Norge. 1 : 1,000,000. Steenballes, Christiania. 

Rossla.— Carte Odologique de la Rtisaie (Commission Geologique). 1 ; 420,000. 145 

sheets. Do., 1 ; 2,520,000. Eggers, St. Petersburg. 

Geol. Map of Russia in Compt, rend. Congres G^ol. Internet. St. Petersburg, 1897. 
Carte des Gltea Miniers, par De Muller (Depart, des Mines). 1 :4,200,000. 
Eggers, St. Petersburg. 

Finland. — Carte Geologique de la Finlande (Commission G4ologique de la Finlande). 
1:200,000. Do., 1 : 400,000. Helsingfors. 

Spain. — likipa Geologico de Espafta (Comision ejecutiva del Mapa Geologico). 1:400,000. 
In 10 sheets or 64 quarter sheets. Madrid. 

^apa Geologico de Espaha (Do Castro : La Comision de Ingenierua fle Minas, Miqi- 
%terio de Fomento). 1 ; 1,500,000, Madrid. 

Portugal. — Carta Geologies do Portugal (Direceno do.s Trabalhos Geologicos). 1:500,000. 

Rua do Arco a Jesus. Lisbon. (See also Spain, De Ca.stro.) 

Orooce.— Peloponnesus in Phihppson’s Per Peloponim. 1 : 300,000. Friedlander, Berlin. 
Attica, in I^ep-sius’ Geologie von Attika (K. Preuss Akad. Wissenschaft). 1 ; 25,000. 
Reimer, Berlin. 

Swltiorland. — Geolog. Karte der Schweiz (Geolog. Koramission d. Schweiz. Naturforsch. 
Gesell.). 1:100,000. 25 sheets. Do., par Heirn & Schmidt. 1:500,000, 

Schmidt k Co., Herne. 

Studer and Escher, (Jeolog. Karte der Schweiz, 1:380,000. Do., 1:760,000. 
Wurstcr, 'Winterthur. 

ASIA. 

InA’a.— Preliminary Sketch Map in Geology of India, Ist edition, issued by the Geol. 
Survey of India. 1 : 4,000,000 approx. Geol. Map in 2nd edition of Do. 
1 : 6,000,000 approx. Geol. Survey Office, Calcutta ; Trnbner, Loudon. 

Japan. —Geological Map of Japan (Impeiial Geol. Survey of Japan). 1:200,000. 
Reconnaissance Mapa (Do.). 1:400,000, General Geological Map (Do.). 

1 : 1,000,000. Geol. Survey Institute, Tokyo. 

China, —Geological Map of part of China in Richthofen’s China. 1 : 750,000. Reimer, 
Berlin. 


AMERICA, NORTH. 

A OaUlogue of Geological Maivs of North and South America. J. and J. B. Marcou, 
Bull, U,S. Otol, Sui-vey, No. 7 (IS.'^l). 

Ca n ada — Geological Map Sheets — Nova Scotia, New Brunswick, Ontario (Geological 
Survey of Canada). 1 : 63,360. Survey Office, OtUwa. 

General Geol, Map, 1863 (Geological Survey of Canada). 1 ; 7,500,000. Do., (ogan, 
1866. 1 ^1,500,000. Survey Office, Ottawa. 

Oeol. Map in ‘ Esquisae Geologique du Canada, ’ LogSn and Hunt, 1855. 1 : 9,000,009. 
Bossange, Pai is. 

®l*^oundland. — Geol. Mop of Newfoundland (Murray, Account of the Gcok Survey of 
Newfoundland). 1 ; 1,584,000. Stanford, LondoA.^ 
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UUMl SUtoi. — O«oloj;io Atlu of the lUnited States, in folio parts (United States 
Geolc^pciA Survey). Various scales. Geol. Survey Office, Washin/jton. 

General Geological Map of the United States, reduced from the Geol. Survey Sheets 
by W J M'Gee. 

General Geological "Map of the United States (Hitchcock, American lust, of Mining 
Engineers, 1886). 1 : 7,000,000. Amer. Inst Mining Engineers Office, New York. 

AMERICA, CENTRAL. 

Mexico. —Bosquejo de Una Carta Geologica de la Republics Mexicans (Castillo Insti- 
tuto Geologico de Mexico). 1:3,000,000. Inst. Geol., Sccrctario de Foniento, 
Mexico. 

• 

Jamaica.— Geol. Map (Sawkins and C. B. Brown, 1865, Geol. Survey of the West Indies). 

1 : 250,000. Ordnance Survey Office, Southampton, Eng. 

Trinidad. — Geol. Map (Wall and Sawkins, 1860, Geol. Survey of the ^st Indies). 

1 : 250,000. Ordnance Survey Office, Southampton, Eng. 

BarbadoM.— Geol. Map (Harrison and Jukes-Browne). 1 : 500,000. ^ 

AMERICA, SOUTH. 

. Qeolog. Ubersichtskarto des Mittleren Theiles von Sud-Amerika (Haidinger and 
Foetterle), 1854. 1 : 15,000,000. KK. Geol. Inst Vienna. 

Alftniina. — Mapa Geologico del Interior de la Repnblica Argentina (Brackenbusch). 
1 : 1,000,000. Hellfarth, Gotha. 

British Chtlana. — Geol. Map of Brit. Guiana (Sawkins, 1870). 1 : 1,000,000. 

Geol. Map of Brit. Guiana (Geol. Survey of Brit. Guiana, Brown, 1873). 1 : 900,000. 
Ordnance Survey Office, Soutliainj>ton, Eng. 

Chili,— Carte G6ol. in Pissis' ‘Description Geolog. de la ll^publiqne de Chili,’ 1851. 

1 : 200,000. Santiago, 

AFRICA. 

Egypt. — Carte G^ol. de I’Egypte, dc I’Arabie P<''tr«‘e et <1« la Palestine (Figai? Bey, 
fetudes G^ologiques de I’Egypte, etc., 186}) 1 : 300,000 approx. 

Carte G(<ol. de I'Egypte, etc. (Zagiell, in ‘Aj»ei 9 U Geologique dos Formations G^l. 
'de I’Egypte, etc.’ 1872). 1 : 2,000,000. 

Algeria. — Carte Geologiqne de rAlgcrie (Service de la Carte Geol. ). 1 : 50,000. Baudry, 
Paris, 

Carte Geologiquo Provisoiro (Pomel and others). 1 : 800,000. .loimlan, Algiers. 
South Africa. — Geological Map of South Africa (Unnn). 1 : 2,000,000. Stanford, London. 
Carte Gwlog. dii Transvaal (Molengraaf, ‘ Ewjuisse Geol. de la Republifjne du Trans- 
vaal,’ Ru/f, Soc. Qid. Fraticr, 1901). 1 : 1,500,000. Soc. Geol. France, Paris. 
Geological Map of the Transvaal (Struben), I : 1,2.50,000. Wyld, London. 

AUSTRALASIA. 

Maw South Waloo.— Geological Map of New South Wales (Geol. Survey of N.S.W.). 
1:606,880, Do., 1:077,120. Do, 1:1,393,920. Dept, of Mines and Agri- 
culture, Sydney. • 

•^ctoiia.— Geolog. Map of Victoria in quarter-sheets (Geol. Survey of Victoria). 

^ 1 : 125,000. Do,, 1 : 606,880. Do., 1 : 1,018,760. Dept of Mines, Melbourne. 
BOath Attitralia.-«Geol. Map of S. Australia (Geol. Survey of South Australia). 

1 #1,018,760. Do!^, 1 : 2,534,400. Dept of Crown Lauds and Mines, Adelaide. 
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QnMUflaad. ~~ Geolog. Map of Queensland (Geol. Surr. of Queensland).* 1:684,000. 
Dept, of Public Works and Mines, Brisbane. • 

Wert Auatralia. — Geolog. Map of West Australia (6eol. Surv. of W. Australia). 
1 : 8,000,000. Geolog. Oiflce, Perth ; Philip, London. 

Tamnania.— Geol. Map in R. M. JoLiiston’s ' Geology of Tasmania,’ 1888. 1 : 1,160,000. 

Hobart, Tasmania. 

New Zealand —Geol, Map of New Zealand (Geol. Survey of N.Z.). 1 : 2,000,000. Geol. 
Survey Otfice, Wellington. 

In addition to the maps there are for some countric.s special treatises on their geology, 
such as H. B. Woodward’s Gleology of England and Wales,’ and Lepsius’ ‘Geologie 
von Deutschland.’ To some of these reference will be made ui the course of this volume. 
The student will obtain much help from an excellent series of geological guides published 
by Messrs. Horntraeger of Berlin, of which ten have been issued dealing with the 
districts of^resden, Mecklenburg, Bornholm, Pomerania, Alsace, Riesengebirge, Scania, 
Ct^pania, tlie Alp.s, etc. 



BOOK I. 


COSMIC AL ASl>ECTS OK GEOLOGY. 


BkforI': geo]og.v had atUu'iiwJ to the po.sition of an induetive Icience, 
it was customary to begin all investigations into the histoiy of the earth 
by propounding or adopting some nioie or less famifnl hyjiothesis, in 
explanation of the origin of our planet or of the univeix*. Such pre- 
liminary notions were looked upon as essential to a right understanding 
of the manner in which the materials of the globe had been put together. 
To the illustrious James Hutton (ITSTi) geologists aie inihdited, if 
not for originating, at least for strenuously uphohling, the doctrine that 
it is no part of the province of geology to discuss the origin of things. 
He taught them that in the materials b'om which geological evidence is 
to be compiled there can be found “no traces of a beginning, no prospect 
of an end.” In England, mainly to the influence of the school which he 
founded, and to the subsequent ri.se of the Geuhtgical Society (1^07), 
which resolved to collect facts instead of lighting over hypotheses, is due 
the disappearance of the crude and unscientific cosmologies of previous 
centiirie.s. 

But there can now be little doubt that in the reaction against the 
visionary and often grotesque spcculation.s of earlier writers, geologists 
were carried too far in an opjKisite direction. In allowing themselves to 
believe that geology had nothing to do with questions of cosmogony, 
they gradually grew up in the conviction that such questions could never 
be other than mere speculation, interesting or amusing as a theme for 
the employment of the fancy, but hardly coming within the domain of 
sober and inductive science. Nor would they soon have been awakened 
out of this belief by anything in their own science. It is still true that in 
the^data with which they are accustomed to deal, as comprising the sum 
of geological evidence, there can be found no trace of a beginning, though 
there is ample proof of ctnstant, upward progression from some invisible 
^tarting'point. The oldest sedimentary rocks which have b{?cn discovered 
on any part of the globe have, no doubt, been derived from other rocks 
olddt than themselves, ^hile the oldest known eruptive rocks differ in no 
essentidf particular flom those of later periods and give no clue to the 



14 mUWAL A8PE(m oi^ aXOLOOY BOOK t 


original constitution of the planet Geology by itself has not yet 
revealed, and is little likely ever to reveal, a portion of ^ the first solid 
crust of our globe. If, then, geological history, is to be compiled from 
direct evidence furnished by the rocks of the earth, it cannot begin at 
the beginning of things, but must be content to date its first chapter 
from the earliest iJ<‘riod of which any record has been preserved among 
the rocks. 

Nevertheless, though, in its usual restricted sense, geology has been, 
and must ever be, unable to reveal the earliest history of our planet, it 
no longer ignores, as mere speculation, what is attempted in this subject 
by its sister sciences. Astronomy, physics, and chemistry have in late 
years all contributed to cast much light on the earliest stages of the 
earth’s existence, previous to the beginning of what is coraihoiily regarded 
history. Whatever extends our knowledge of the former 
our globe may be legitimately claimed as part of the domain 
o^'geological inquiry. If Geology, therefore, is to continue worthy of its 
narlife the science of the earth, it must take cognisance of these recent 
contributions from other sciences. It can no longer be content to begin 
its annals with the records of the oldest rocks, but must endeavour to 
grope its way through th(i ages which preceded the formation of any 
rocks. Thanks to the results achieved with the telescope, the sf>ectro- 
scope, and the chemical laboratory, the story of these earliest ages of our 
earth is every year becoming more definite and intelligible. 

I, liKIiATIONS OK TIIK EaKTII IN THK SoLAR SYSTEM. 

As a prelude to the study of the .structure and history of the earth, 
some of the general relations of our planet to the solar system may here 
bo noticed. The investigations of recent years, showing the community 
of sifbstanco between the difterent members of that system, have revived 
and have given a new form and meaning to the well-known nebular hypo- 
thesis of Kant, I^aplacc, and W, Herschel, which sketched the progress of 
the system from the state of an original nebula to its existing condition 
of a central incandescent sun with surrounding cool planetary bodies. 
According to this hypotbe.sis, the nebula, originally diffused at least as 
far as the furthest member of the system, began to condense towards the 
Centro, and in so doing threw off or left behind successive rings. These, 
on disruption and further condensation, assumed the form of planets, 
sometimes with a further formation of rings, which in the case of Saturn 
remain, though in other planets they have broken up and united into 
satellites.^ 

^ The validity of the nebular hypotbeais os ordinarily imdeistood has recently been 
challenged by Dr. F. K. Moulton, who has brought forward calculationa and arguipento 
which, if sustoineil, will require considerable roodiScation of the computations that have 
been made as to the heat that the sun has radiated, and to the age of the earth (*'An 
Attempt to test the Nebular Hypothesis by an appeal to the Laws of Dynamics,” Astropkysict\^ 
Chicago, vol. xi. (1900), [>p. 103-130). The hypothesis has also been simultaneoiuly 
attacked by Professor Chamberlin (” An Attempt to test the Nebular Hypothesis by the 
relations of Masses and Momenta,” Journ. Oeol,, Chicago, viiL*^|^900), 38*78). 


as geolo^cal 
conditions of 
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Aooeptifi^ this view, we might expect the tuuttcr composing the 
various members of the solar system to be everywhere essentially similar. 
I’he fact of condensation round centres, however, indicates probable 
differences of density throughout the nebula. I'hat the materials com- 
posing the nebula may have arranged themselves according to their 
respective densities, the lightest «)ccupyjng the exterior, jumI the hejiviest 
the interior of the mass, is suggested by a eoinparison of the ilcnsities of 
the various planets. These densities are usually estirniiteil as in the 
following table, that of the earth being taki'ii as the unit : — 


Density of the Sun 

. 0-26 

,, Mercury 

. 112 

,, V'enus . 

1-03 

,, Earth . 

1-00 

,, Mai-8 . 

0‘70 

,, Jupiter 

. 0 24 

,, Saturn 


,, Uranus 

0 17 

,, Xeptune 

0 l(i 


it is to be observed, liowever, that “the densities heie given are mean 
densities, assuming that the ii/ijHircni size of the jilauet or sun is the hw 
size, i.i'. making no allowance for tlmusaiids of miles deep of oJnndy 
atmosphere, lienee the numliers for .Iupit<>r, Saturn, and I’ranus are 
certainly too small, that for the sun, much too small.” * Taking the 
figures as they stand, while they do not indicate a strict progression in 
the diminution of density, they state that the jilanets near the sun 
possess a density about twice as great as that of granite, but that those 
lying towards the outer limits of the system aie coni|>o.sed of matter os 
light as cork. Again, in some ca.ses, a similar relation has been observed 
between the densitie.s of the satellites and their primaries. The moon, 
for example, has a density little more than half that of the earth. ,The 
first satellite of Jupiter is less dense, though the other three are said to 
lie more dense, than the planet. Further, in the condition of the earth 
itself,^ very light gaseous atmosphere forms the oukT portion, heneatli 
which lies a heavier layer of water, while within these two envelopes the 
materials forming the solid substance of llie planet are so arranged that 
the outer layer or crust has only about half the density of the whole 
globe. 

According to the hypothesis now under cunsideraiion, it is conceived 
that, in the gradual condensation of the original nebula, whether com- 
posed of incandescent g;i8 or of swarms of meteorites reduced to a 
vapouroua condition by collision, each successive mass left Whind repre- 
sented the density of its parent shell, and consisted of progressively 
heavier matter.^ The remoter planets, with their low densities and vast 
^ Professor Tsit, MS. note. 

* On the origin of Satellites, see the researches of Professor O. H. Darwin, Phil Tratm, 
olxx. (1879), p. 635 ; Proc. Ro^ Soc. xxx. p. 1 ; also hi.s pafiers, “On figures of Equilibrium 
^of rotating Masses of Fluid,'’ Phil. Trans, clxxviii. (1887); and “On the Mechanical 
Oon^tion of a Swarm of Meteorites and on tb^ Theories of Cosmogony," Phil. Trans, 
chxx. (1889). , • 
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absorbing atmospheres, may be supposed to consist of metalloids, like the 
outer part of the sun’s atmosphere, while the interior planets are no 
doubt mainly metallic. The rupture of each planetary ring would, it is 
thought, raise the temperature of the resultant nebulous planet to such a 
height as to allow the vapours to rearrange themselves by degrees in suc- 
ces.sive layers, or rather shells, according to densities. And when the 
planet gave off a satellite, that body might be expected to possess the 
composition and density of the outer layers of its primary.^ 

For many years, the only evidence available as to the actual composi- 
tion of other heavenly bodies than our own earth wjis furnished by the 
metemtes, or falling st/irs, which from time to time have entered our 
atmos{)here from planeUiry space, and have descended uf)on the surface 
of the globe. Subjected to chemical analysis, these foreign bodies show 
considerable diversities of composition ; but in no case have they yet 
Hgvealed the existence! of any element not already recognised among ter- 
restrial materials. They have been classified in three groups : Siderites or 
hotoaisk- rites, composed wholly or chiefly of iron ; Siderolites, consisting 
partly of iron and pru tly of various stony materials ; and yierolites, formed 
almost entirely of such stony minerals. These groups pass into each 
other, and examples of more than one of them may occur in the same 
meteoric fall. Of the twenty-five terrestrial elements which have been 
detected in meteorites the most frequent are iron, nickel, phosphorus, 
aulphnr, carhori, o.xygen, silicotj, magnesium, calcium, and aluminium. 
Loss frequent or occurring in smaller quantities are hydrogen, nitrogen, 
chlorine, lithium, sodium, potassium, titanium, chromium, manganese, 
colmlt, ar.senic, antimony, tin, and copper. These various elements occur 
for the most part in a st^jite of combination. The iron, as an alloy with 
nickel, is the most abundant constituent of meteorites, inasmuch as it 
ex(;j)ed8 all the others put together. The phosphorus is combined with 

' Hir Nornmn Lo<kycT, ‘Tin* Ok'niiNlry of tint Suu ‘ (1887) ; ‘Tin* MetoontJC Hypothesw ' 
(1890) ; ‘ 'fho Siin’a l’la<‘e in Naturo’ (1897). Kvaders intemsteU in the Itistorlcal develop- 
ment of geological opinion will find niiii li sugge.stive matter, l>eariug on the questions dis- 
cussed above, In Do la Ucche’H ‘ llcse.nnhfH in Theoretical (leology’,’ 1834, — a work notably 
in advance of its time. 

* On iiieteorites consult Pnrtsch. ‘ Dio Meteoriten,’ Vienna, 1843. Ro.se, Abharui, kimigl. 
Akmi. /hr/iH, 1863. Ramniotsberg. ‘ Die Cheniische Nutur tier Meteoriten,’ 1870-79. Tscher- 
inak, SU:i). Akad. IFmen,, Vienna (1875), Ixxi. ; ‘Die Mikroskopische Beschafifenheit der 
Meteoriten,* Stuttgart, 1885. A. E. Nordenskiold, ‘Studier och Forskningar fbranledda af 
niiiia Resor i Hoga Norden,’ StiHskholm, 1883, where at pp. ]27-2'27 aii interesting dis- 
cussion is given of the geological significance ot the cosmic matter that falls to the earth’s 
surface, especially with regard to the Kant- Laplace nebular Hypothesis. Daubr4e, ‘Etude.s 
Synthi^tiqnes de Oedogle Exp^rimeutale,' 1879; 'Regions invisibles du Globe,’ 1892. 
Brozina and Cohen, * Die Structur und Znsammensetzung der Meteoreisen,’ Stuttgart, 1886. 
E. Cohen, " Meteoreisen • studien," in Attn. K. K. Naturh. UofmumiiM, Viennajr W. 
Flight, Oeol. Ma^. 1875 ; Pop. Sei. Rrv, new ser. i. p. 390 ; Proc. Roy. Roc. xxxiii. p. 848. 
A. W. Wright, Aitier. Journ. ser. 3, xi. p. 253 ; xii. p. 16ll L. Fletcher, “An Introduction 
to the Study of Meteorites,’’ Brdish Mtiseum Patcdogiie, 1886. 0. C. Farrington, Jovnk., 
Ued. V. (1897), p. 126 ; ix. pp. 51, 174, 393, 522, 623. A useful compendium of informa-'* 
tion on this subject will be found iu E.'A. Wiilfing's ‘Die Meteoiiten in Sammlungdh und 
Ihre Literatur,’ pp. xlvi, 460, Tubingen, 1897. 



17 


f. wmJTViU J^IHMS 

‘ 0 7 '- - ' - U --" - 

nickel and irtm, the silicon with oxygen and various bases. A few of the 
elements occur in a free state. Thus hydrogen and nitrogen are found as 
occluded gases and carbon as graphite, rarely as diamond. Of combina- 
tions of elements in meteorites, some, not yet recognised among tcrrestrwl 
minerals, comprise alloys of iron and nickel and various sulphides and 
silicates. But others have l>een identified with well-known minerals of 
the earth’s crust, including olivine (which comes next in abundance after 
iron-nickel), orthorhombic and monoclinic pyroxenes, plagioclaso, tridy- 
mite, magnetite, chromite, etc. There is likewise a carbonaceous group 
of meteorites containing carbon, both amorphous and as diamond, also 
combined with hydrogen and oxygen, and in some eases coinlmstilde, with 
a bituminous smell. All meteorites hitherto examined evolve gas on 
heating. Tlio occluded gases consist of hydrogen, carlxm monoxide, 
carbon dioxide, nitrogen, and marsh gas, the .amount varying ^om less 
than one volume to upwards of forty son en volumes, the average prj^- 
portiou from iron and stone meteorites being 2 82 voliiim*^. 

Meteorites present some structures closely resembling those W Ter- 
restrial igneous rucks. Thus a structure iiearl}' the same as that of basalt 
has l>ccn found among them, while many of the sidentesare fierfectly like 
the iron-masses found in the basalts of tJrecid.ind.^ Hut certain metcoritic 
structures appear to be peculiar. Such are. the well-knowui Widmanstatten 
figures on the nickel irons, and also the curious louiided Ixxlios known as 
“chondres.” .Many meteorites contain true gla.ss, and a fragmental struc- 
ture like that of volcanic breccia or tufl' is by no means rare. 

Various tlu'oric's have been jiropoundial as to the origin or source of 
those Inxlies which conic to our planet from space. But at present W'c 
possess no satisfactory Ita.sis of fact on which to .speculate. Whether 
these stones belong to the solar system, or reach us from remoter sjiacc, 
they prove that some at lea.<t of the elements and miiicral.s with w'|jich 
we are familiar extend beyond our planet. 

But, ill recent years, a far more jireci.se and gmieiully available metlifKl 
of research into the composition of the hea\enly bodies has been found in 
the application of the spectiuscope. By means of this instrument, the 
light emitted from self-luminous bodi<'s can lie analysed in .such a way as 
to show what elements are present in their intensely hot luminous vapour. 
When the light of the ineandescent Mipoiir of a metal is allowed to jms 
through a properly arranged prism, it is .seen to give a sjicctrum con- 
sisting* of transverse bright lines only. This is termed a railiafion- 
spectnm. Each element appears to have its own characteristic armnge- 
ment of lines, which in general retiiin the same relative jKisition, intensity, 
and colours. Moreover, gases and the vt^urs of solid bodies are found 
to intercept those rays of light w hich they themselves emit. The spectrum 
of sfldium- vapour, for example, shows among others tw'o bright orange 
lines. If therefore whit^ light, from boinc hotter light-source, passes 
through the vapour of sodium, these two bright lines became dark lines, 
'tfie light being exactly cut off which would have }>ccn given out b}^ the 
sodium itself. This is called an ahsmpt'wn spedrum. 

’ t). C. fan-ingtou, Joum. UfdAx. pi». 62, .67, 174, 
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From this method of examination, it has been inferred that many of 
the elements of which oiir earth is composed must exist in the state of 
incandescent vapour in the atmosphere of the sun. Thifty-two metals 
have thus been identified, including aluminium, barium, manganese, lead, 
calcium, cobalt, poUissium, iron, zinc, copper, nickel, sodium, and mag^ 
nesium. Those elements, or at least substances which give the same 
groups of lines as the terrestrial elements with which they have been 
identified, do not occur promiscuously diffused throughout the outer mass 
of the sun. According to Sir Norman Lockyer’s first observations, they 
appear to succeed each other in relation to their respective densities. 
Thus the coronal atmosphere which, as seen in total eclipses, extends to 
so prodigious a distance beyond the disc of the sun, consists mainly of 
subincandescont hydrogen and another element which may be new. 
Beneath this external vaporous envelope lies the chromosphere, where 
the vapors of incandescent hydrogen, calcium, and magnesium can be 
deUbcted. Further inward the spot-zone shows the presence of sodium, 
titaaiu^, etc. ; while still lower, a layer (the reversiiifj layer) of intensely 
hot vapours, lying probably next to the inner brilliant photosphere, gives 
spectroscopic evidence of the existence of incandescent iron, manganese, 
cobalt, nickel, cop[)or, and other well-known terrestrial metals.^ 

It is to be observed, however, that in those spectroscopic researches 
the decomposition of the elements by electrical action was not considered. 
The conclusions embodied in the foregoing paragraph have been founded 
on the idea that the lines seen in the spectrum of any element are all 
due to the vibrations of the molecules of that element. But Sir Norman 
Lockyor has suggested that this view may after all be but a rough 
approximation to the truth ; that it may be more accurate to say, as a 
result of the facts already acquiro<l, that there exist basic elements common 
to calcium, iron, etc., and to the solar atmosphere, and that the spectrum of 
each^ody is a summation of the spectra of various molecular complexities 
which can exist at different temperatures, the simplest only being found 
in the hottest j)art of the sun.^ 

The spectroscope has likewise been successfully applied by Sir 
William Huggins and others to the observation of the fixed stars and 
nebula', with the result of establishing a similarity of elements between 
our own system and other bodies iu sidereal space. In the radiation 
spectra of nebula?, Sir William finds the hydrogen lines very prominent ; 
and he conceives that they may bo glowing masses of that elqpaent. 
Professor Tuit has suggested, on the other hand, that they are more 
probably clouds of stones frequently colliding and thus giving off in- 
candescent gases. Sir William ^Thomson (now Lord Kelvin) favours this 

^ Ou Kpectrosoopic rosearcli m applie^i to the sun, see Kirchhoff and BnnseQ, ‘Basearchu 
ou Solar Sp^tnim,' etc., 1863 ; Angstrom, 'Recbercbes sur le Spectre normal du Sol^*; 
Sir N. Lockycr's works, cited ou p. 16, and 'Studies in !^T)ectrum Analysis' (International 
Series), 1878; Sir W. Huggins and Miller, Proc, Rwf. Soc. xii,, Phil. Trana, 1864; Sir 
Henry Boscoo’s ' Spectrum Analysis,’ with authorities there cited. 

See also the op;>osite views of Dewar and Liveiug, Proc. Ro^. Soe. xiz. p, 8(1, aUd 
H, W. Vogel, yature, xxvU. p. 233. 
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viW» whu^ it further amply supported by spectroscopic observatiooa. 
Among the 6xed stars, absorption spectra have been recognised, pointing 
to a structure resembling that of our sun, vis. an incandescent nucleus 
which may be solid or liquid or of very highly compressed gas, but which 
gives a continuous speotnim and which is surrounded with an atmosphere 
of glowing vapour.^ Those stars which show the simplest spectra are 
^lieved to have the highest temperature, and in proportion as they cool 
their materials will become more and more differentiated into what we 
call elements. The most brilliant or hottest stars show in their spectra 
only the lines of gases, as hydrogen. Cooler stiirs, like our suii, give 
indications of the presence, in {uldition, of the metals — magnesium, 
sodium, calcium, iron. A still lower temperature is marked by the 
appearance of the other metals, metjUloids, and compounds. ^ The sun 
would thus be a star considerably advanced in the process t>f diflerontia- 
tion or association of its atoms. It contains, so far as we j^now, no 
metalloid except carbon, and possibly oxygen, nor any compound ; w})|^e 
stars like Sirius show the presence only of hydrogen, with but a feeble 
proportion of metallic vapours ; and on the other hand, the rod ^tara 
indicate by their spectra that their metallic vapnirs have entered into 
combination, whence it is inferred that their temperature is lower than 
that of our sun. 

More recently, however, another view of the evolution of stars has been 
propounded by Sir Norman liockyer. He conceives that all selMuminoul 
cosmical bodies are composed cither of swarms of meteorites, or of masses 
of vapour produced by collisions of meteorites ; that stars, comets, and 
nobulie are only different phases of the same series of changes; that 
whore the temperature of a star is increasing, the sUr consists of a 
raeteor-awarm, which by constant collision of its individual meteorites is 
gradually being vapourised by heat; and that after volatilisation cooling 
sets in and the vajwur finally condenses into a globe.® 

II. Form and Size of the Earth. 

Further confirmation of some of the foregoing views as to the order 
of planetary evolution is furnished by the form of the earth and the 
arrangement of its component materials. 

That the earth is an oblate spheroid, and not a perfectly spherical 
globe, was discovered and demonstrated by Newton. He even calculated 
the amount of ellipticity long before any measurement had confirmed 
such a conclusion. During the past century numerous arcs of the 
meridian were measured, chiefly in the northern hemisphere. From a 

* Sir W. HuggiuH, Proe. Bxty, Soc. 1863-66, wid Brit. AmK. Leetwn (Nottingham, 
18^} ; Sir W. Huggins and Miller, PhU. Trans. 1864. 

* Sir N. Lockyer, Oomptes remlus, Dec. 1873. 

* ‘Th« Meteoritic Hypothlsis,’ 1890. Prof. O. H, Darwin, in a paj)er “On tha 
'Mechanical Conditions of a Swarm of Meteorites, and on the Theories of Cosmogony,” 

Phil. Traiu. clxxx. (1889), pp. 1-69, has proposed an explanation whereby the nebular 
and matemitic hypotiieeee n^y be combined. 
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seriM made by different obeervers between the latitudes of Sweden and 
the Cape of Good Hope, Bessel obtained the following data for the 
dimensions of the earth : — 

Equatorial diameter . . 41,847,192 feet, or 7925 '604 miles. 

Polar diameter . . . 41,707,314 „ 7899 114 „ 

Amount of polar flattening . 139,768 ,, 26'471 ,, 

The equatorial circumference is thus a little less than 25,000 miles, 
and the difference between the polar and equatorial diameters (nearly 26 J 
miles) amounts to about equatorial diameter.^ More 

recently, however, it has been shown that the oblate spheroid indicated 
by these measurements is not a symmetrical body, the equatorial circum- 
ference being an ellipse instead of a circle. The greater axis of the 
equator lies in long. 8" 15' W. — a moridiati passing through Ireland, 
Portugal, fSld the north-west corner of Africa, and cutting off the north- 
easf'teonier of Asia in the opposite hemisphere.'* 

Tlw ^olar flattening, established by measurement and calculation as 
that which would neces.sarily have been assumed by an originally plastic 
globe in obedience to the movement of rotation, has been cited as 
evidence that the earth was once in a plastic condition. Taken in 
connection with the analogies supplied by the sun and other heavenly 
bodies, this inference appeared to be well grounded.^ More recently, 
however, it has been contended that even in a truly solid body a polar 
flattening might })e developed under the influence of rotation.* 

Though the general spheroidal form of our planet, and probably the 
general distribution of .sqa and land, are referable to the early effects of 
rotation on a gaseous, fluid, or viscous mass, the present details of its 
surface-contours appear to ho of comparatively recent date. Speculations 
have been made as to what may have been the earliest character of the 
solid shrface, whether it was smooth or rough, and particularly whether 
it was marked by any indication of the existing continental elevations 
and oceanic depressions. So far as we can reason from geological 
evidence, there is no proof of any uniform superficies having ever 

*‘Her8ch«l, 'Astronomy,' p. 139. 

* A. R. Clarke, /Vu/. Afay. August 1878 ; Knnfclopiniia liritannica, 9th eilit, x. 172. 
Bee the latest discussion of this subject m Major Burranl’s ‘The Attiactions of the Hima- 
laya Mountains upon the Plumb-line in India; Considerations of Recent Data,’ Dehra Dun, 

1901. 

• It was opposed by Mohr ('(leschichte der Erde,’ p. 47'2), who, adopting a suggestion 

long ago made by Playfair, endeavoured to show that the polar flattening can be accounted 
for by gn>ater denudation of the polar ti||cts, exposed as the.se have been by the heaping up 
of the oceanic waters towards the equator in conse<iueDce of rotation. He dwelt chiefly on 
the effects of glaclem in lowering the land ; but as Pfaff has pointed out, the work of erosion 
is chiefly performed by other atmospheric forces that operate lathor towards the equator 
than the poles (' Allgemeino Qeologie als exocte WisseuschiTt,' p. 6). Compare Naumann, 
iVeiMS Jahrb, 1871, p. 250. Nevertheless, Mohr undoubtedly recalled attention to a 
eoiiceivable cause by which, in spite of polar elevation or equatorial subsidence, the external 
ftmn of the planet niight be preserved. * 

^ See in partiualar the iiapets by Mr. C. Chree, Phil. Mag. pj/. 233 and ^^2. 
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esisted. Most probably the first formed crust was broken up irregularly, 
and not until after many successive corrugatioTis did the surface 
acquire stability. Some writers have imagined that at first the ocean 
spread over the whole surface of the planet. But of this there is not 
only no evidence, but good reason for believing that it never could have 
taken place. As will be alluded to in a later }Mige, the pre|)onderance 
of water in the southern henii.sphere seems to indicate some excess of 
density in that hemisphere. This excess can hardly have been produced 
by any change since the materials of the interior ceased to be mobile ; it 
must therefore be at least as ancient as the conden.sation of water on the 
earth’s surface. Hence there w.os prolmbly from the beginning a tendency 
in the ocean to accumulate in the southern rather thiui in the northern 
hemisphere. 

That land existed from the earliest ages of which we have any record 
in rock-formations, is evident from the obvioii.s fact that those formatTons 
themselves consist in great meji.sure of materials derived from t^ie^waste 
of land. When the student, in a later part of this volume, is presented 
with the proofs of the existence of enormous niassc.s of sedimentary 
deposits, even among some of the oldest gcologial .systems, ho will 
perceive how important mu.st have been the tracts of land that could 
furnish such piles of detritus. 

An ingenious speculation wa.s piiblislmd many years ago by W, 
liOWthian Green, who, long resident at Honolulu as minister of foreign 
affairs to the King of the Sandwich Islands, had his attention directed to 
geophysical problems by the remarkable volcanic jihenomcna of these 
islands. ‘ Starting from the ideas propounded by ftlie de Beaumont with 
regard to his resemL pentafjotuily by which the distinguished French 
geologist endeavoured to account for the distrihution of the leading 
structural lines on the surface of the globe, Mr. Green claimed that the 
only geometrical figure which will fit and explain these lines is the six- 
faced tetrahedron, a form which he conceived to have resulted from the 
collapse of the terrestrial crust ujKm the liquid interior. He proceede<i 
to show how the four great continental masses of land were distributed 
about the four acute solid angle.s of the tetrahedron, and how the four 
principal oceans ranged themselves on the four obtuse sobVl angles. 
Moreover, he regarded this fundamental geometric form as having under- 
gone a certain amount of deformation from the effects of rotation, to which 
cause he ascribetl the eastwanl deviation of the southern parts of the 
continents, and likewise the great line or plane of lateral shift which ie 
traceable along the line of the Mcditerran^n Sea, by the Persian Gulf to the 
East Indies, and thence by New Guinea and the Solomon Islands across 
thi Pacific Ocean, Central America, the West Indian Islamis, and the 
Atlantic back to the Mediterranean. Mr. Green’s suggestion has in 
recent years been revivtfl and applied by different writers in explanation 

^ Hw ideM were first broached in an article published in 1857 in the Edinburgh Xew 
PkUotcphical Journal, and were subsequently elalwrated in hw work, ‘Vestige* of tbe 
Molten Globe,' of which tb#first part was published iu London in 1875 and the second and 
much U^r part at UonoYuIu in 1887. 
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of the distribution of land and sea and the positions of lities of volcanic 
energy.^ 


III. The Movements of the Earth in their Geological Relations. 

We are here concerned with the earth’s motions in so far only as they 
materially influence the progress of geological^ phenomena. 

§ 1. Rotation. — In consequence of its angular momentum at its 
original separation, the earth rotates on its axis.* The rate of rotation 
has once been much more rapid than it now is (p. 30). At present a 
complete rotation is performed in about twenty-four hours, and to it is 
due the (jjiccession of day and night. So far as observation has yet gone, 
tjjjs movement is uniform, though recent calculations of the influence of 
the tides in retarding rotation tend to show that a very slow diminution 
of fhoi angular velocity is in progress. If this be so, the length of the 
day and night will slowly increase, until finally the duration of the day 
and that of the year will bo equal. The earth will then have reached 
the condition into which the moon has passed relatively to the earth, one 
half being in continual day, the other in perpetual night 

The linear velocity duo to rotation varies in different places, according 
to their position on the surface of the planet. At each pole there can be 
no velocity, but from these two points towards the equator there is a 
continually incrcaaitig rapidity of motion, till at the equator it is equal 
to a rate of 507 yards in a second. 

To the rotation of the earth are due certain remarkable influences 
upon currents of air circulating cither towards the equator or towards the 
pole^. Currents which move from polar latitudes travel from parts of 
the earth’s surface where the velocity due to rotation is small, to others 
whore it is great. lienee they lag behind, and their course is bent more 
and more westward. An air current, quitting the north polar of north 
temperate regions as a north wind, is deflected out of its course, and 
becomes a north-cast wind. On the opposite .side of the equator, a similar 
current, setting out straight for the equator, is changed into a south-east 
wind. Hence, as is well known, the trade-winds have their characteristic 
westward deflection. On the other hand a current setting out north- 
wards or soutlnvards from the equator, passes into regions having a less 
velocity due to rotation than it possesses itself, and hence it travels on in 
advance and appears to bo gradually deflected eastward. The aerial 
currents, blowing steadily across the surface of the ocean towards the 

* See, io pArticulsr, A. do Lnpparent’s ‘Truitt do Geologie’; Michel lAry, B.S,0. 
France, t, xxvL (1898), p. 105 ; J. W. Gregory, Jiwrn, Roy, Geog. Soc. xiii. (1899), p. 226 ; 
If. Bertrand, Oompt. rend. February 1900 ; B. K. Emereon^' BiU/. Amcr. Oeol, Soc. xi. (1901), 
p. 61 ; C. H. Hitclicock, Anur. Oeol. xxv. (January 1900), p. 1 ; C. R. Keyee, Jonm. OeU, 
X. (1901), p. 244. 

* The recent observation of periodical variations of terrr^trial latitudes noticed posUei, 
p. 26, demamis, according to Professor Stoudski of Moscow, a revision of the a^^nal theory 
of the rotation of our planet Fature, liv. (1896), p. 161. 
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equator, produce, oceanic currents wljich unite to form the westward- 
flowing equatorial current. 

It has been maintained by Von Baer ^ that a certain deflection is 
experienced by rivers that flow in a meridional direction, like the Volga 
and Irtisch. Those travelling polewards are assorted to press ujH)n their 
eastern rather than their western Iwinks, while those which run in the 
opposite direction are stated to he thrown more against tho western than 
the eastern. When, however, we consider the conipiratively small 
volume, slow motion, and continually ineiindering course of rivers, it may 
reasonably be doubted whether thih vmi causa can have had much effect 
generally in modifying the form of river-channels. 

§ 2. Revolution. — Besides turning on its axis, the globe performs a 
nlovcment round the sun, termed revolution. This movemc^it, accom- 
plished in rather more than 36.5 day.s, determines for us tho length of 
our year, which is, in fact, merely the time re(iuire(l for one complete 
revolution. The path or orbit followed by the earth round tho siuuis not 
a perfect circle but an ellipse, with the sun in one of the foci, tlio mean 
distance of the earth from the sun ])eing 92,H00,000, the })rcsent aphelion 
distance 94,500,000, and the perihelion distance 91,2.50,000 miles. By 
slow secular variations, tho form of the orbit alternately approaches to 
and recedes from that of a circle. At the nearest possible approach 
between the two bodies, owing to change in the ellipticity of the orbit, 
the earth is 14,368,200 miles nearer the sun than when at its greatest 
possible distance. These maxima atid minima of disOince occur at vast 
intervals of time.- The last considerable eccentricity took place about 
200,000 years ago, and tho previous one more than half a million years 
earlier. Since the amount of heat received by the e^rth from the sun is 
inversely as the square of tho distance, eccentricity may have had in past 
time some effect upon the climates of the earth. 

§ 3. Precession of the Equinoxes. — If tho axis of the earth were 
perpendicular to the plane of its orbit, there would ho equal day and 
night all the year round. But it is really inclined from that position at 
an angle of 23° 27' 21". Hence our henii.sph(!re is alternately presented 
to and turned away from the sun, and, in this way, brings the familiar 
alternation of tho seasons. Again, were tlie earth a perfect sphere, of 
uniform density throughout, tho position of its axis of rotation would 
not be changed by attractions of extoni.al IhxIios, But owing to tho 
protuberance along the equatorial regions, tiie attraction chiefly of the 

* “Ueber ein allgemeines (Je.sttz in dcr (lestaltniig d<*r FluMtiMjtU'n,” BvU. Arcui. 
Pfttrtbourg, ii. (1860), S«e also Ft'rrel on the motion of Huida atnl wiUda relatively to the 
earth’s snrface, Camb. {Mass.) Afafb. Monthli/, vol«. i. and ii. 0859-60) ; Dulk, Z. Deuttch, 
Otti. Gt$. xxxi. (1879), p. 224. The river Irtiach U aaid in flowing northwanl to liave cut 
so much into its right bank that villages are grailually driven eastwards, Demiansk having 
been shifted about a mile in 210 years {Nature^ xv. p, 2Q7). But this may be accounted 

• for by local causes. See an excellent paper on this subject with hfiecial reference to the 
regime of some rivers in Northern Germany, by F. Klockmann, Jahrh. 1‘reuts. iied. Landa^ 

1882 ; also E. Dunker, ZtiUch, fAr dtf getammten Xatuiwissfiuchu/ten, 1875, p. 468 ; 
0. K. OUbert, ApiAt. Jouj^ Sci. xxvil (1884), p. 427. 

• Sei Croll’s ‘ Climate and Time,’ chaps, iv., xii. 
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moon and sun tends to pull the axis aside, or to make it describe a 
conical movement, like that of the axis of a top, rouJid the vertical. 
Hence each pole points successively to different stars. This movement, 
called the precession of the equinoxes, in combination with another 
smaller movement, due to the attraction of the moon, completes its cycle 
in 21,000 yeiirs, the annual total advance of the equinox amounting to 
62". At present the winter in the northern hemisphere coincides with 
the earth’s nearest ai)proach to the sun, or perihelion. In 10,500 years 
hence it will tivke place when the earth is at the farthest part of its orbit 
from the sun, or in aphelion. This movement was believed by Croll to 
have had preat iniportswce in connection with former secular variations 
in the eccentricity of the orbit. 

§ 4. Chancre in the Obliquity of the Ecliptic. — The angle at which 
the axii%of the earth is inclined to the plane of its orbit does not remain 
ll^rictly constant. It oscillates through long periods of time to the extent 
of about a degree and a half, or perhaps a little more, on either side of 
thc*irtoan. According to Croll, ^ this oscillation has considerably affected 
former conditions of climate on the earth, since, whc?i the oblupiity is at 
its maximum, the polar regions receive alxmt eight and a half days’ more 
of heat than they do at present — that is, about as much heat as lat. 76' 
enjoys at this day. He thought that this movement may have augmented 
the geological eflects of precession, to which reference has just been made, 

^ 5. Stability of the Earth’s Axis. — That the axis of the earth’s 
rotation has successively shifted, and consequently that the poles have 
wandered to different points on the surface of the globe, has been main- 
tained by geologists as the only possible explanation of certun remarkable 
conditions of climate, which can be proved to have formerly obtained* 
within the Arctic Chrcle. Even as far north as lat. 81" 45', abundant 
remains of a vegetation indicative of a Avarm climate, and including a bed 
of coal • 25 to 30 feet thick, have been found in situ.'^ It is contended 
that when those plants lived, the ground could not have been permanently 
frozen or covered for most of the year with thick snow. In explanation 
of the difficulty, it has been suggested that the north polo did not occupy 
its present position, and that the loc;ility where the plants occur lay in 
more southerly latitudes. Without at present entering on the discussion 
of the question whether the geological evidence necessarily requires so 
important a geographical change, let us consider how far a shifting of the 
axis of rotjition has been a possible cause of change during that section 
of geological time for which there are records among the stratified rOcks. 

■Erom the time of Lirplaco,^ astronomers have strenuously denied the 
possibility of any kmsible change in the position of the axis of rotation. 
In recent years, indeed, by the greatly increased precision of the instni- 
ments of observation, it has been ascertained that this position is not really 
uniform. Loixl Kelvin had already pointed oi\J. that it is probably affected 
by the movements of large bodies of water and air over the earth’s suf- 

' Tram. Geol. ikK. (ilasgotr. ii, p. 117. ‘Climate and Time,' chap. xxv. 

Fieldeu and Heer, Quart, Joum. Oeof. Soc. Nov. 1877. 

* ‘Mocanique Celeste,’ tome v. p.^^w * 
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face and by the effects of ' the enormous periodical accumulations of snow 

and ice, wherel^y what had been supposed to be a simple and regular 
movement becomes complicated. Investigations have lately been under- 
taken to ascertain the nature and amount of the deviation, and by the 
co-operation of a number of observatories clear evidence lias been ol>toined 
that such displacements actually occur. From the results of nearly 6000 
observations made at Kasan, in Ristern Ivussia, at Strasburg and 
Bethlehem, Pennsylvania, it appears that the amjditude of the movement 
of the pole on the surface of the earth is between 40 and 00 feet. The 
movement is curiously irregular and somewhat spirals 

These proved variations in the position of the earth’s axis of rotation 
seem to be too slight to possess much efi'ort in the production of geological 
changes. IVitli regard to more serious shifting, it has been urged that, 
since the planet acquij'od its present oblate spheroidal form, noti^ng but 
an utterly incredible amount of deformation could overcoim* the greatef 
centrifugal force of the e(jualoiial protiihcrauco. It is certain, howg^er, 
that the instantaneous axis of rotation does not strietl}' coincide wifh the 
principal axis of inertia. Tliough the ajigular diHerence IkUwoom them 
must always have been small, we can, without having recoui'sc to any 
oxtramuridane iidlucncc, recognise two causes wliicli, whether or not they 
may suffice to produce any change in the position of the main axis of 
inertia, undoubtedly tend to do so. In tlie, first j)lae(‘, a widesjwe.'id 
upheaval or degression of eerUin nnsyrnmetncally arranged portions of 
the surface to a considerable amount would tend to shift that axis. In 
the second place, an analogous result might arise from the denudation of 
continental masses of larul. ami the consequent filling up of sea-hasins. 
Lord Kelvin freely concedes the physical possibility of such changes. 
“We may not merely admit,” he siiys, “Imt assert as highly prohahlo, 
that the axis of maximum inertia and axis of nUation, always very near 
one another, may ha\e been in ancient limes very far from their })resent 
geographical position, and may have gradually shifted tlirough 10, 20, 
30, 40,* or more degrees, without at any time any percejitihle sudden 
disturbance of either land or water.” - Ihit though, in the earlier ages 
of the planet’s history, stupendous deformations may have occurred, and 
the axis of rotation may have often shift(*d, it is only the alterations 
which can possibly have occurred during the accumulation of the stratified 

^ Profes«(or Forster, li^/J lint. Axs»r. 1894, j.p 4715 4K0, "On tlie DiHplacom-nts of the 
Rotational Axis of the Earth.” He gives a diagrain of the jsnh destnlMid on the earth 8 
surface by the north pole. Frofessor Chandler hiul sIiovmi in 1691 that the rotation.il axis 
makes a complete circuit around the axis of figim* in .about 428 days iiiHlead of in alioiit 805, 
as previou.sly believed (.4 jOv>71. Jmirn. No. 248, 1891). JveaKo his oljsei vations in Mature, 
Ivl, (1897), p. 40, More recently Frofes.sor Albrecht has puldished tin* results of an examina- 
tion Oi all the observations from the Ijeginning ol 1890 to the middle ol 1897 {A»fron. Aach. 
No. 3619). A brief summary of his j/aper, with a diagram of tbo remarkably erratic niove- 
ments of the north pole during the ja-ricnl, will l»e found in yaiure, Iviii, (1898), p. 42. 
hfoTt recently Dr, J. Halm has come to the conclusion that the changea in tlie jKthition of 
the earth’s axis of rotation are intimately connected witli the varying ilisplay of forces on the 
surface of the sun, 7V</(ure, lxii»(1900), p, 460, 

* BriL4ittoc. Rep. (1876f, Sections, p. 11- 
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rocks, that ne^d to be taken into account in connection ^ith the evidence 
of changes of climate during geological history. 

On the assumption, based on so many kinds of evidence, that the 
earth on the whole is practically an extremely rigid body, it is difficult* 
to conceive of any alteration in its interior which could now so seriously 
disturb the position of its axis as to produce any important geological 
changes. Lord Kelvin, for instance, has estimated “ that an elevation of 
600 feet, over a tract of the earth’s surface 1000 miles square and 10 
miles in thickness, would only alter the position of the principal axis by 
one-thinl of a second, or 34 feet.” ^ Then, as regards the effects of 
denudation, it has been calculated that if the whole high plateau of Central 
Asia together with the Himalaya mountains were worn down by the sub- 
aerial denuding agents and deposited in the Indian Ocean under- the 
^equator, the pole of the axis of inertia would only be shifted some 30 
kilometres southward along the central meridian of the plateau. ^ 

• i^rofossor George Darwin lias shown that, on the supposition of the 
earth’s complete rigidity, no redistribution of matter in new continents could 
ever shift the pole from its primitive position more than 3®, but that, if 
its degree of rigidity is con.sistent with a periodical readjustment to a 
now form of equilibrium, the pole may have wandered some 10° or 16° 
from its primitive position, or have made a smaller excursion and returned 
to near its old place. In order, however, that these maximum effects 
should be produced, it would bo necessary that each elevated area should 
have an area of depression corresponding in size and diametrically opposite 
to it, that they should lie on the same complete meri<lian, and that they 
should both 1)0 situated in lat. 45°. With all these coincident favour- 
able circumstances, an effective elevation of ai^^th of the earth’s surface to 
the extent of 10,000 feet would shift the pole 11 J ; a similar elevation 
of -j^th would move it 1° 4GJ' ; of ^'oth, 3° 17'; and of J, 8° 4^'. Mr. 
Darwin admits these to bo superior limits to what is possible, and that, 
on the supposition of intumescence or contraction under the yegions in 
question, the deflection of the pole might bo reduced to a quite insig- 
nificant amount.^ 

Under the most favourable conditions, therefore, on the assumption 
of the earth’s high rigidity, the possible amount of deviation of the pole 
from its first position would appear to have been too small to have 
seriously influenced the climates of the globe within geological history. 
If we grant that those changes were cumulative, and that the superior 
limit of deflection was reached only after a long series of concurrent 
elevations and depressions, we must suppose that no movements took 
place elsew'here to counteract the effect of those about lat. 45° in the two 
hemispheres. But this is hardly credible. A glance at a geogAapbical 
globe suffices to show how large a mass of^Iand exists now both to the 

' Trans, Gfol. Soc. Olangou', iv. p, 318. The situation of the suppo.sed area of nphaaval 
OB the earth’s surface is not stated. 

• Professor Schiaparelli, ‘Sur ia rotation de Ja terre sous ITnAnenoe dte acUoDt 

gdologlqnes,’ St. Petersburgr, 18S9, p. 12. * • 

* Phil. Trans. Nor. 1876. 
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north and south •of that latitude, especially in the northern hemisphere, 
and that the deepest parts of the ocean are not antipodal to the greatest 
, heights of the land. These features of the earth’s surface are of old 
standing. There seems, indeed, to be no geological evidence in favour 
of any such geographical changes as could have pro<luced even the com- 
paratively small displacement of the axis considered possible by Professor 
Darwin. 

If, however, it should eventually be found that a greater degree of 
plasticity of the material in the earth’s interior may bo conceded than at 
present seems to be probable, much more serious shiftings of the axis may be 
thus explained. As remarked by Major-General K. voi\ Orff, “ the move- 
ments of the pole assume a wholly different character if we ascribe a 
grdhter plasticity to the earth, or if we assume the possibility of afiudden 
and complete adjustment of the mass of the earth to the rotation-ixjle — ^ 
a condition to which the planet might perhaps have approached in pre- 
historic times. On this assumption, great movements of the pok^n 
relatively short periods are not exclude<l, and the hypotheses which 
many geologists have adduced in explanation of certain jialfeontological 
facts by greater changes in the position of tho axis of rotation of tho 
earth would thus obtain a mechanical confirmation.” ^ The geological 
changes here referred to will bo discussed in latPr portions of this text- 
book. 

Geologists who have pondered over the abundance (d tho traces of 
present or former volcanic action distributed over the surface of the globe, 
over the evidence from the compressed strata in mountain regions that tho 
crust of the earth must have a capacity for slipping U)wards certain lines, 
over the great amount of horizontal compression of strata which can be 
proved to have been accomplished, and above all, over the secular changes 
of climate, notably the existence of former warm climates near the north 
pole, have anxiously sought for some solution of these most difficult 
problems. When they were compelled by the arguments from physics 
to abandon their early conception of a thin crust over a liquid interior, the 
idea was suggested to them that their difficulties might be removed by 
the hyqwthesis that underneath the crust lies a fluid substratum over a 
rigid nucleus, and that, under these circumstances, changes in latitude 
would result from unequal thickening of the crust.^ An ingenious 
suggestion was made by Sir John Evans that, even without any sensible 
change in the position of the axis of rotation of the nucleus of the globe, 
there might be very considerable changes of latitude duo tp disturbance 
of the equilibriiun of the outer portion or shell by the upheaval or 
removal of masses of land between the equator and the poles, and to the 
consequent sliding of the shell over the nucleus until the equilibrium was 
restored.® Subsequently Ije precisely formulated his hypothesis as a 

• ' “ Ueber die HUlfsmittel, Methwien und Eesultate der Internationalen Erdmwaung,’* 
Eeatrtd^ Aketd. Wiuenach. MuniA, 1899, p. 53 ; Schiaparelli, op. cU, 

* Hev. 0. Keher, OeoL Maq. 1878, p. 552; 'Phyeice of the Eaitb’» Cnwt,’ 2nd edit. 

1889, obap^xi. ■% 

• Proe, Bay, 8oc. xv. (1887), p. 46. 
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question to be determined mathematically ; ' and the solution of the 
problem was worked out by the liev. J. F. Twisdcn, who arrived at the 
conclusion that even the large amount of geographical change postulated 
by Sir J. Evans could only displace the earth’s axis of figure to the extent ' 
of loss than 10’ of angle, that a displacement of as much as 10° or 15° 
could bo effected only if the heights and depths of the areas elevated and, 
depressed exceeded by many times the heights of the highest mountains, 
that under no circumstances could a dis[)lacement of 20° bo effected by a 
transfer of matter of loss amount than about a sixth part of the whole 
equatorial bulge, and that even tliis extreme amount would not necessarily 
alter the ])osition of the axis of figure. - 

§ G. Changes of the Earth’s Centre of Gravity. — If the centre 
of gravity in our ()lanet, as pointed out by Herschel, bo not coincident 
with The centre of figure, but lie somewhat to the south of it, any 
variation in its position will aflcct the ocean, which of course adjusts 
itself in I'elation to the earth’s centre of gravity. How far any redis- 
tribution of the matter within the earth, in such a way as to affect the 
present c<iuiUbriurn, is now possible, wo cannot tell. But certain re- 
volutions at the surface may from time to time produce changes of 
this kind. The accumulation of ice round ’the pole, |)articularly clun’ng 
a glacial period, will displace the centre of gravity, and, as the 
result of tills change, will raise the level of the ocean in the glacial 
hemisphere.'’ ’I'he late J)r. Croll estimated that, if the present mass of 
ice in the southern hemisphere is taken at 1000 feet thick extending 
down to hit. GO the transference of this mass to the northern hemi- 
sphere woidd raise the level of the sea 80 feet at the north pole. Other 
methods of calculation give different results. Mr, Heath put the rise at 
128 feet; Archdeacon Pratt made it more; while the Kev. 0. Fisher 
gave it at 409 feet,^ Subsequently, in returning to this question, Croll 
remarked “ that the removal of two miles of ice from the Antarctic 
continent [and at present the in-ass of ice there is probably thicker tlian 
that] would displace the centre of gravity 190 feet, and the formation of 
a mass of ice eipiul to the one-half of this, on the Arctic regions, would 
carry the centre of gravity 95 feet farther; giving in all a total displace- 
ment of 285 feet, thus producing a rise of level at the north pole of 285 
feet, and in the latitude of Edinburgh of 234 feet.” A very considerable 
additional displacement would arise from the increment of water to the 
mass of the ocean by the melting of the ice. Supposing half of the two 
miles of Antarctic ice to be replaced by an ice cap of similar extent and 
one mile thick in the northern hemisphere, the other half being melted 

* Q. J. O. S. xxxii. (1876), p. 62. 

® Q. J. Oeol. Soc. xxxiv. (1878), p. 41. See also E. Hill, Utol. Mag. r. {2ud ser.), pp. 
262, 479. 0. Fisher, ojk nl., pp. 291, 661, The quirtioa of the internal condition of the 
glol>e is discussed at p. 66. 

* Adhonmr, ‘ RtWolutioiis de la Mer,’ 1840. 

* Croll, in Reader for 2nd September 1865, and I*kd. Mag. April 1866; Heath, 
Phil. Mag. April 1869; Pratt, Phil, Mag. March 186*; Fishei^ Reader^ 10th Feteuary 

•I860. • ' 
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into water and increasing the mass of the ocean, Dr. Croll estimated that 
from this source an extra rise 'of 200 feet would take place in the 
general ocean level,* so that there would be a rise of 485 feet at the 
,north pole, and 434 feet in the latitude of Edinburgh.^ An intermittent 
slibmergence and emergence of the low polar lands might be due to such 
an alternate shifting of the centre of gravity. 

• To what extent this cause has actually come into operation in past 
time cannot at present be determined. It has been suggested that the 
“ raised beaches,” shore-lines {drami-linien^ or old sea-terraces, so numerous 
at various heights in the north-west of Euro})e, might be due to the 
transference of the oceanic waters, and not to any subterranean movement, 
as geneially believed. Had they been due to such a general cause, they 
ought to have shown evidence of a gradual and uniform decline in elevation 
from north to south, with only such local variations as might be accoilfited 
for by the influence of masses of high land or other local cause. i\o such 
feature, however, ha.s been satisfactorily established.- On the contrary, 
the levels of the terraces vary within comparatiNoly short dist/incl!ls 
in such a manner as to indicate actual deformation of the surface of the 
solid earth. Though numerous on both sides of the mainland (d Scotland, 
they disappear among the Orkm^y and Shetland islands, and yet these 
localities wore admirably adapted for their foi mat ion and preservation.'^ 
The conclusion may be drawn that tlic ‘‘raised beaches” cannot be 
adduced as evidence of changes of the earth’s centre* of gravity, but 
are due to local and irregularly acting causes. (Sec Hook III. Hart I. 
Sect. iii. § 1, where this subject is more fully discussed.) 

§ 7. Results of the Attractive Influence of Sun and Moon on the 
Geological Condition of the Earth. — Many sjieculations have been offered 
to account for a supposed former greater intensity of geological activity on 
the surface of the globe. Two causes for such greater intensity have been 
adduced. In the first place, if the earth has cooled down from un 
original molten condition, it ha.H lost, in cooling, a \a8t amount of 
potential geological energy. It does not neces.^.oily follow, howover, 
that the geological phenomena resulting from internal temperature have, 
during, the time recorded in the acce.ssiblc part of the earth’s crust, been 
steadily decreasing in magnitude. We might, on the contrary, conUmd 
that the increased resistance of a thickening cooled crust may lathcr 
have hitherto intensified the manifestiitions of subteiranean activity, by 
augmenting the resistance to be overcome. In the second place, the 
earth may have been once more powerfully affei twl by e.vternal causes, 
such as the greater heat of the sun, and the greater proximity of the 
moon. That the formerly larger amount of solar heat received by the 
surface of our planet must have produced warmer climates and more 
rapid evaporation, with greater rainfall and the inijiortant chain of 

^ Croll, QtoL. 3iag., new series, i. ^874), p. 347 ; ‘Climate ati<l Time,’ chaps, xxiii. 
tnd xxiiT. vaA potUa, p. 286. Consult also Fisher, Phil. Mag. xxxiv. (Octol^er 1892), p. 387. 

* The student ought, however, to consult Profe8i>or .Suess’ ‘AntlitzderEnle’ (or the French 
version, ‘Fafle de la Terre’), for the arguments in favour of the opinion that the terraces do not 
involve any pro^of cbange*of lev^ of the land. * Nature^ xvi. (1877), p. 415. 
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geological changes which such an increase would introduce) appears in 
every way probable, though the geologist has not yet been able to observe 
any indisputable indication of such a former intensity of superficial 
changes. 

Professor Darwin, in investigating the bodily tides of viscous spheroids, ■ 
has brought forward some remarkable results bc<iring on the question 
of the jxissibility that geological operations, both internal and superficial, 
may have been once greatly more gigantic and rapid than they are 
now.^ He assumes the earth to bo a homogeneous spheroid and to have 
possessed a certain small viscosity,''^ and he calculates the internal tidal 
friction in such a mass exposed to the attraction of moon and sun, and 
the consequences which these bodily tides have produced. He finds that 
the length of our day and month has greatly increased, that the moon’s 
distai^^e has likewise augmented, that the obliquity of the ecliptic has 
diminished, that a large amount of hypogene heat has been generated by 
the internal tidal friction, and that these changes may all liave transpired 
>fi 1 ihin comparatively so short a j)eriod (57,000,000 years) as to place 
them quite probal)ly within the limits of ordinary geological history. 
According to his estimate, 46,300,000 years ago the length of the 
sidereal day was fifteen and a half hours ; the moon’s distance in mean 
radii of the earth was 46’8 as compared with 60'4 at the present time. 
But 56,810,000 years back, the length of a day was only 64 * hours, or 
about a quarter of its present value, the moon’s distance wjis only 
nine earth’s radii, while the lunar month lasted not more than about a 
day and u half (I '58), or of its present duration. He arrives at the 
deduction that the energy lost by internal tidal friction in the earth’s 
mass is converted into heat at such a rate that the amount lost during 
57,000,000 years, if it were all applied at once, and if the earth had the 
specific heat of iron, would raise the temperature of the whole planet’s 
mass 1,760“ Fahrenheit, but that the distribution of this heat-generation 
has been such as not to interfere with the normal augmentation of 
temperature downward duo to secular cooling, and the conclusion drawn 
therefrom by Lord Kelvin. Mr. Darwin further concludes' from his 
hypothesis that the elHpticity of the earth’s figure having been con- 
tinually diminishing, “ the polar regions must have been ever rising and 
the equatorial ones falling, though, as the ocean followed these changes, 
they might quite •well have left no geological traces. The tides must 
have been very much more frequent and larger, and accordingly the rate 
of oceanic denudation much accelerated. The more rapid alternation of 
day and night * would probably lead to moi e sudden and violent storms, 

^ PhU. Tran*. 1879, parts i. and it 

* The degree of viscosity assumed is such that ''thirteen and a half tons to the 
square inch acting for twenty-four hours on a slab an inch thick displaces the upper 
surface relatively to the lower throvigh one- tenth an inch. It is obvious," says Ut. 
Darwin, "that such a substance as this would be called a solid in ordinary parlance, and 
in the tidal problem this must be regarded as a very small viscosity." Op, of. p. 581. 

’ According to his calculation, the year 57,000,000 of years ago contained 1800 days 
tnsteail of 365. 
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and the mcrewed rotation of the earth would augment the violence of 
the “trade-winds, which in their turn would affect oceanic currents.” ^ As 
above stated, no Tacts yet revealed by the geological record comixd the 
admission of more violent superficial action in forme!* times than now 
But though the facts do tiot of themselves lead to such an admission, it 
is proper to inquire whether any of them are hostile to it. It win’be 
shown in Book VI. that even as far back as early Paheozoic times, that 
is, as far into the past as the hi.^toiy of organised life can he traced, 
sedimentation took place very much as it docs now. Sheets of line mud 
and silt were pitted with rain-drop.s, ribbed with ripi)le ju.ii k.s, and 
furrowed by crawling worms, exactly us they now are on the shoics qf 
any modern estuary. These surfaces were <|nictly buried under succeeding 
sedirnent of a similar kind, and this for hundreds and thousands ot feet 
Nothing indicates violence: ail the evidence fa\oius tranquil di^o.sit.® 
If, therefore, Mr. Darwin’s hypothe.sis be accejited, we must cimclude 
either that it does not necessarily involve such violent siipeiHcial opera- 
tions as ho supposes, or that even the oldest sedimentai v forniationi^iio 
not date back to a time when the influence of inei eased rotjition could 
make itself evident in sedimentation, that i.s to say, on Air. Darwin’s 
hypothesis, the most ancient fossiliferous rocks cannot be as much as 
57,000,000 years old. 

§ 8. Geological Condition of the Moon.— In the foregoing ])ages notice 
ha.s been taken of some of the relations between the earth and its .satellite, 
and further reference may here be made to cerUiiu ;i.speets of the moon 
which bear on the geological liistoiy <;f our planet. The inference seems 
natural that the moon and earth formed originally parts of ojie heavenly 
body. Professor George Darwin believijs that when this liody wiis 
rotating so fast as to make one rotation in five hour.'^, tin; inlluenee of the 
powerful tides induced in its mass hy the sun may have actually lupturcd 
the planet, and that in this way the moon m.iy have been suddenly 
thrown off.® Dr. Osmond Fisher'* has suggested that jmssibly the great 
hollow of the Pacific Ocean may mark the scar left hy the discharge of 
our satellite. It has been also conjectured that the moon n^sulted from 
the rupture of a planetary ring of meteoiitcs, which by collision became a 
united mass of gaseous or liquid substance. 

The moon is computed to have a diameter of 21.5.*! miles (.3464 
kilometres) and a volume about one forty ninth of tliat of the earth. Its 
mean distance from us is 238,793 miles (384,000 kilometres). As already 

* Op. eii. p. 632. 

Sir R. BrU {A'diure, xxv. 1881, pp. 79, 103), startii))^ trom Professor Darwin’s data, 
pushed hie oonclusions to such an extreme a.s to call in the agency of tides more than 600 

high in early geological times. In repudiating this application of his results, Mr. 
Darwin {Eature, xxv, p. 218) employs the argument I have here used from the absence of 
*ny evidence of such tidal action in geological fonimtions, and from the iudicatioii, on 
the oontnu-y, of tranquil deposit. 

PkiL Trims, 1879, part ii., “The Precession of a Viscous Spheroid and the Remote 
Hletory o^the Earth.” 

‘ Phydet of the Ear|h*« Crus^’ 2nd edit. p. 338. 
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stated, it is composed o! materials lighter than those of our planet, its 
density being little more than half that of the earth, or about three times 
that of water. No certain trace of an atmosphere has been detected on 
the moon, nor any indication of the presence of water. Hence the 
epigene changes which play so important a part on the surface of the 
earth must be hardly perceptible on the moon. Perhaps the only effects 
of that class which are produced arise from the strain induced by the 
enormous differences of temperature between day and night. In full 
sunshine the bare rocks must be heated beyond any temperature ex- 
perienced even in the driest tropical climates on the earth, and at night 
must be rapidly cooled down towards the temperature of space. Such a 
strain on the cohesion of the rocks may possibly induce rapid disintegra- 
tion, though it must be admitted that no undoubted evidence of this 
decay flas been observed on the moon’s surface. 

* But if the (‘{ugene agents are ab.sent, tho.se of the hypogene kind 
ap^ar to have been at one time extraordinarily active on the moon. 
\vm are called “craters,” fiom their resemblance to the cavities of 
terrestrial volcanoes, have long been known to be scattered abundantly 
over the moon’s surface. They are of all .si/.es, from such a.'s can only be 
faintly discerned with the most powerful telescopes, up to vast caldron- 
shaped abysses with walls 80()0 to 15,000 feet high. It is computed 
that the total number of visible lunar craters of all dimensions amounts 
to from 20,000 to 30,000. There does not .appear to bo any area on the 
surface of the globe where a similar profusion of craters can be seen. 
Not only are the lunar examples far more numerous than the terrestrial, 
but they far surpass in dimensions even the most colossal of those on the 
earth. Various theories have been proj)Osed to account for the character- 
istic features on the moon’s surface. (3im of these explanations sup]) 08 es 
that when the main mass of (he moon was liq\ud and surrounded with a 
thin crust, its rotation, then more rapid than now, gave rise to tides by 
which the crust was rent open so as to allow some of the liquid of the 
interior to flow out at the surface and then subside again.. As the 
exuded material congealed at its edges, its boundary was marked by a 
rim of hardened rock, which was increased by the upwelling caused by 
subsequent tides, and thus circular crater-walls were form<)d around a 
solid lava plain in the centre.^ Another view, held by the majority of 
writers, regaixls the craters as truly relics of lunar volcanoes testifying to 
a volcanic activity immensely more energetic than anything with which 
we are acquainted in the past history or present condition of the earth. 
That some of the rocky material of the moon is akin to well-known 
terrestrial lavas was inferred by M. Landerer, who found that their 
polarisation angles coincided with those given by obsidian and vitrophyre.^ 
Professor Suess, after a comparison of the lunar surface wiCh the 
phenomena of terrestrial vulcanism and th^behaviour of large masses of 
molten material such as are seen at iron-furnaces and glass-works, arranged 
the evidence furnished by the moon in the following manner. Ist Phase, 

^ Faye, Rev. Sci. xxvli. (1881), p. 130 ; H. Ebert, AHn.^*hys. Chm, xli. (1890)* p. 861. 

* Cofnpt. rend. cxi. (1890), p. 2^0. * 
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tha melting of gfeat plains (Mare Sereiiitatis ; not visible on the earth). 
2nd Phase, a, melting without uplift of the surface (Batholiths ; granite 
of Ersgebirge, not recognisable on the moon), b, melting of craters of small 
diameter and quiet up-welling of the lava (Hawaii, Ptolcmaeus, Wabgentin). 
3rd, formation of fissures with rhaps«Mlical explosions *(Laki in Iceland, 
'Vesuvius, Maare of the Eifcl, CraUir-rills, Ilyginus). As local conse- 
quences of eruptions come the pluises of fumaroles, which are observed on 
the earth in 2b and 3, but have not been recognised on the moon.^ No 
satisfactory proof has yet been obtained of any present volcanic activity 
in the moon or of other definite changes of its surface. At the same 
time certain discrepancies have Ijcen observed between some of the older 
and later maps of lunar to})ography which may not l)e wholly due to 
erroneous or imperfect delineation, Imt may possil^ly in the end tie. dis- 
covered to indicate actual volciiiiic changes.- , 

A third class of opinions regarding the lunar “eraters’' holds them to 
he most probably due, not to any action within the moon, but tc^The 
impact of solid kidies from witlnnit. This \iew has been especially 
developed by Mr. (». K. (Gilbert, who, after studying the moon’s surface 
in 1892 with the 20^ -inch refractor of the United States Naval 
Observatory, came to the conclusion that the phenomena become more 
intelligible if we suppose that before the iikmiii came into existence the 
earth w.is surrounded with a ring of metcoritic bcKlies sijnilar to those 
that constitute Sfiturn’s ring , that the small Ixslics in this terrestrial ring 
eventually coalesced, gathering first around a large number of nuclei and 
finally all uniting in a single sphere, the iikkui. The lunar craters are 
thus taken to he the scars produecd liy the collision of those minor 
aggregations or moorihits, which last surrendered their individuality. 
There can be no doubt that the collision of IxKlies moving with planetary 
velocities may generate heat enough not merely to melt them, but to 
reduce them to the gaseous condition. It Ims been comjmti'd by Mr. R, S. 
Woodward that a body falling from an infinite distance to the moon’s 
surface merely under the influence of the attraction of the satellite itself 
will acquire a velocity of one mile and a half per second, which would 
more than suffice to fuse the body. Hut the velocity of shooting stars is 
as much as 4.'5 miles in a scctuid, and if any such swiftly moving mass 
were to fall on the moon it w'ould not only he melted itself, hut a con- 
siderable tract of the rock-mass by- which its motion was arrested would 
also be liquefied. Mr. (iilWt believes that in this way not only may the 
crater topography of the moon’s surface be most satisfactorily explained, 
but that a number of other features ordinarily obscure may be account^ 
for, such as the furrows, rills, rill-pits, and white streaks.*" 

• 

* K, Suess, “Eiuige Heniprkuiigen uber deu Mon<i,” AkfuL iVm., Vienna, MeUA. 

Phya. CIV. (1895). • 

’^Pickering, Nature, xivi, (1892), p. 134; xfvii, p. 7. On the a>»sence of an atinospbere 
in the moon, see G. H. Bryan, “Tlie Moon's Atmosphere and the Kinetic Theory of Oaaea," 
Brit. Aaaoc. 1898, pp, 682-685 ; F. F. Gren.sted, Proc. Liverpool Owl, tine. Nov. 1887. 

• 0. K. Gilbert, “Th#Moou^ T’ace,” Bull. Phxloaoph. Hoc. Waahtnglon, vol. xii. (1893), 
pp. 241-292. • 



BOOK 11. 

GEOGNOSY. 

AN INVESTIGATION OF THE MATERIALS OF THE EARTH’S 
SUBSTANCE. 

Part I. — A General DEscuiinioN of the Parts of the Earth. 

A DISCUSSION of the geological changes which our planet has undergone 
ought to be preceded by a study of the materials of which the planet 
consists. This latter branch of imjuiry is termed Geognosy. 

Viewed in a broad way, the earth may be considered as consisting of 
(1) two envelo])e8, — an outer one of ga.s (atmosphere), completely sur- 
rounding the planet, and an inner one of water (hydrosphere), covering 
about three-fourths of the globe ; and (2) a globe (lithosphere), cool and 
solid on its surface, but posses.sing a high internal temperature. 


I. — Th.e Envelopes — Atmosphere, mid Hydrosphere. 

It is certain that the present gaseous and liquid envelopes of the 
planet form only a portion of the original miiss of gas and water with 
which the globe was invested. Fully a half of the outer shell or crust 
of the earth consists of o.xygen, which proliably once existed in the 
primeval atmosphere. The extent, likewise, to wdiich water has been 
abstracted bj' minerals is almost incredible. It has been estimated that 
already one-third of the whole mass of the ocean has been thus absorbed. 
Eventually the condition of the planet will probably resemble that of the 
moon — a globe without air, or water, or life of any kind. 

1. The Atmosphere. — The gaseous envelope to which the name of 
atmosphere is given extends from the earth’s surface to a distance which 
has been variously estimated, according the methods of observation 
employed.' From the phenomena of twilight it may be inferred^ that 

* Laplace considered that the atmosphere has a rolame about 1 55 timee that of the reef 
of the earth, and la arranged lenticularly, so that its polA diameto: is about 4*4 times and its 
equatorial diameter about 6'6 times the polar and equatonlh diameters of UA earth. Henoe, 
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the atmosphere must be at least 45 miles thick. The aurora iudicates a 
sensible atmosphere at 100 mil^ and clouds have been detected at heights 
of nearly 100 miles. Meteorites, which become incandescent by friction 
against our atmosphere, sometimes ap|H*ar at heights of 150 miles. We 
may therefore infer that the atmosphen* stretches for at Iwist that 
distance from the earth s surface, and probably iii a state of cxti'enie 
tenuity much farther.^ At sea lev(‘l the atmosphere presses on the 
earth’s surface with a weight equal to that of a layer of inereiiry 30 
inches deep, or of a sheet of water 34 fei t deep. Every square itjch of 
that surface thus supports a pre.vsnre of n| pouiuKs lint the pressure 
rapidly diminishes with height above the sea. At a height of. 18,500 
feet it sinks to only rujo-half, and in halhxui ascents it has been f'^nnd 
at twdee that height (or seven miles) to have diminished io one- 
fourth. ^ 

Many sj>eculations have been made regarding the chemiail eomjxjsi- 
tion of the atmosj)herc during former geological jreriod.s. There^.'un 
indeed he no doubt that it must origin.tlly have diflcreil very greatly 
from its present condition. It has been contended, for instjince, that 
originally there w'as little or no free oxygen in the atinosplujie, which 
may have consisted mainly of nitrogen, carbonic acid, and aqueous 
vapour,” 

Besides the abstraction of the <..\ygen which now forms fully a half 
of the outer cru.st of the earth, the' vast beds of coal found all over 
the world, in geological formations of many <ldler-cnt age.s, doulrtless 
represent so much carboiHlio.xide (carbonic arid) once ]>res(‘nt in the air. 
According to Sterry Hunt, the amount of earhonic acid al>s<>rh(Ml in the 
process of rock-dccay, and now represented in the form of carlionates, 
especially limestone.s, in the earth’s crust, jirohahly equals two hundred 
times the present volume of the entire atmosphere. * 

according to this view, it must be .some 17,000 miles in •leptli at the {.dies ami altmit 26,000 
mUea at the equator .Some reeent res<-arches reKarding the l.eight ami imtss of the atmoH|jher« 
by^aiK'art are given in rrn,/ rxiv .lH<ro), p U:S , Kee also S. Anhenms, 0/m-a. 

1900, p. .’i-lS ; Eekholm, oj). < t(. 1901. p (i)9. 

The liev. W. F. Denniiig states, u-, the result ot hit* cnnmderable exps'rieiire, that about 
20 per cent of meteors are at le^wt 100 miles high at the. iiiaUnt of their Wcoming visible, 
that the. distance is rarely as much .-w l.'iO miles, ami seldom reaches Ixiyond 180 rndea-- 
AVure, Ivii. (1898), p, 541. 

* Profeasor C. J. Koeiie, as quoted by Dr. T. D Pl.ipson m (^hfniunl .Wicsfot 1893 and 
1894. Lord Kelvin hassjieculated ou the absenco of oxygen from the primitive atmosphere, the 
preaence of this gas now m the air Wing jtrobabiy «hie to the iMdion of sutiliglii on planbi 
{Naiurt, Ivi. 1897, ji. 461). In a pajwr publishtvi m 1900 {Phil, .\faij. ,5111 aer. vol, 1. pp. 
312, 3W) Mr, J. Stevenson concludes that there was probably a time, ami jxiasibly a long 
^e. When there was no free oxygen in our atmosphere, and that “our j.rejMrnt supply of 
nwe oxjrgen bos been all produced bjr the action of sunlight on vegetation.'*. 

Brit. Assoc. Rep. 1878, Sects, p, 544. This and c^tgnate subjects connected with tb« 
carbonic acid in the atmosphere and the earth’s crust are dhicusned by Prrdessor niamUrlln ia 
a paper on “ The Influence of Great Epochs of Limc.sloiie formation iqwn the Constitution of " 
the Atmosphere," Jvxirr^ Oeoi. vi,{1898), pp. 609-621. Hoe also Professor Hogbom as quoted 
by Dr. Arrhifliai in PhU. Mafi 1896, p. 269. 
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Any addition to the existing proportion of carbon-dioxide in ti 
atmosphere would have an important effect on climate, seeing that th 
gas possesses so marked a capacity for absorbing heat. Professt 
Arrheniiis has estimated if the present proportion of the gas in th 
atmosphere wore increased two and a half or three times, the effe< 
would bo to raise the temperature of the Arctic regions about 8“ to 9° C 
and thus to bring back such a genial climate as those lands possesse 
in Tertiary tirne.^ It has often been contended that, during th 
Carboniferous {>eriod, the atmosphere must have been warmer and witl 
more aqueous vapour and carbon*dioxide in its com|)osition than at th^ 
present day, to admit of so luxuriant a flora as that from which the coal 
seams were formed. 

now existing, the atmosphere is considered to be normally i 
mechanical mixture of nearly 4 volumes of nitrogen and 1 of oxyger 
* (N79'4, 020*6), Vith minute proportions of carbon dioxide and water 
vj|.i) 0 ur and still smaller quantities of ammonia and the powerful 
oxidising agent, ozone. These quantities are liable to some variation 
according to locality. The mean proportion of carbon-dioxide is al>out 
3*5 [Mirts in every 10,000 of air. In the air of streets and houses the 
proportion of oxygen diminishes, while that of carbon-dioxide increases. 
According to the researches of Angus Smith, very pure air should 
conUin not less than 20 99 per cent of oxygen, with 0 030 of carbon- 
dioxide ; but ho found impure air in Manche.ster to have only 20*21 of 
oxygen, while the pro[)ortion of carbon-dioxide in that city during fog 
was {wcertainod to rise sometimes to 0*0079, and in the pit of the theatre 
to the very largo amount of 0*2734. As plants absorb carbon dioxide 
in the day and give it olV at night, the quantity of this gas in the 
atmosphere oscillates between a maximum at night and a minimum 
in the day. During the part of the year when vegetation is active, 
it is believed that there is at least 10 per cent more carbonic acid in 
tbo air of the open country at night than in the <lay.“ Small as the 
normal porcontago of this gas in the ajr may seem, yet the tbtal amount 
of it in the whole atmosphere probably exceeds what would be dis- 
engaged if all the vegetable and animal matter on the earth’s surface 
were burnt. 

The other substances in the air are gases, vaj)ours, and solitl^iarticles. 
In recent years the researches more particularly of Lord liayleigh and 
Professor William llimisjiy have led to the detection of a number 
of previously unknown gases present in minute quantities in the 
atniospliero. Of these gases the most important is that to which the 
name of Argon has l)een given ; others are Neon, Helium, Krypton, 
and Xenon. The proportions of these gases in air are thus stated 
by Pi’ofessor Ramsay. * 

* S. Arrhenius, Bthang K, Vet. Aknd. Stockhdiny*i%\L (1896), No. 1 ; Phil. Mag. 1896, 
pp. 237-276 ; Oarers. K. Vet Akad. Stockholm, 1901, No. 1, pp. 25-58. But 8e% aiso 
K. Angstrom, op. cit. 1901, pp. 371-389 ; Professor Chamberlin, Joum. Oeol. v. (1897), 
pp, 663-683 ; vii. (1899), pp. 545-584. 

* Professor G. F. Armstrong, Proe. Roy. Soc. xxx. (1^80), p. il43. 
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Air contains 0*937 part of Argon per hundred. 

„ one or two parts of Neon per hundred thousand. 

„ one or two parts of Helium per million. 

„ about one part of Krypton per million. 

„ about one part of Xenon per twenty million.* 

Of much more consequence than these minute pr()j^K)rtion8 of gases 
is the percentage of aqueous vapour which, always present in the air, 
varies in amount according to temperature.* It is l>y this Viqmr, 
together with the carlwn-dioxide and suspended dust-|)iirticles, that the 
radiant heat in the atmos{)here is ahsorl>ed.^ The water- vapour 
condenses into dew, rain, bail, and snow, and is thus of jMiiamount 
importance in the grc^it series of epigeiie proce.s.sos which f)lay so 
large a part in the geologifiiil changes of the oartli’s surface (Hoi^" III. 
Part II.). In assuming one of its visible forms and descending tlirough 
the atmosphere, the previously dissolved and itnisihle vajxmr bikes up 
a minute quantity of air, and of the different substaFiees which TTie 
air may contain. Being caught by the rain, snow, hail, «>r dew, and 
held in solution or susiiension, the.se substances can }»e best examined 
by analysing rain-water or mcltcfi snow and hail. In this way, 
the atmospheric gases, together with ammonia, nitric, sulphurous, 
and sulphuric acids, chlorides, various salus, solid carbon, inorganic 
dust, and organic matter have been detected. The fine microscopic 
dust so abundant in the air is no doubt for* the most jxirt due to 
the action of wind in lifting up the finer particles of disintegrated 
rock on the surface of the land. Volcanic explosions sometimes 
supply prodigious (plan titles of fine dust. 'I'here is probably also 
some addition to the solid particles in the atmosphere from the ex- 
plosion and dissi[>atioii of meteorites on entering our atmosphere, 
To the wide diffusion of minute solid particles in the air groat import- 
ance in the condensation of vapour is now jissigiu'd.* (Ikx^k III. Part II, 
Sect, ii.) . 

The comjjaratively small, but by no means unimportant, proportions 
of these minor components of the atmosphere are much more lialile to 
variation than those of the more essential g.ises. Chloride of sodium, 
for instance, is, as might be expected, juirticularly abundant in the air 
bordering the sea. Nitric acid, ammonia, and sulphuric acid ap|)car most 
conspicuously in the air of towns. The organic substances jiresent in 
the air are sometimes living germs, such as probably often lead to the 

^ ‘The Ga«ea of the Atmosphere,’ I>on«lon, lvS96, p. '210 ; .XtUurr-, Ixv. (1901), p. 164. 

® A cubic metre of air at the freeiing-jwmt can hoM ouly 4 871 grammen of water- 
vapour, but at 40’ C. can take up 50’70 grammes. One oul»ic mile of air saturated with 
vapour at*35‘’ C. will, if c<ki1c( 1 to O’, deposit upwards of 140,000 tons of water aa rafo. 
Roscoe and Schorlemroer’s ‘ Chemistrj^’ i. p. 452. 

* Tyndall pointed out this important function of the 8<jueou8 vapKjur of the atmosphere. 

8. A.* Hill, Proc. Roy. Soc. xxxiii. pp. 210, 435. See aUo Arrheiiins, Vet. A had, 

SUKkhoiai, 1901, p. 64. 

* On the dust in th% air, 8ee#Mr. J. Aitken’s ])a{ieni in the Proc, Roy. Soc. Edin,, 
particularly iiwthe volume for IWI. 
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propagation of disease, and sometimes mere fine particles of dust derived 
from the bodies of living or dead organisms.^ 

As a geological agent, the atmosphere effects changes by the chemical 
reactions of its constituent gases and vapours, by its varying temperature, 
and by its motions. Its functions in these respects are described in 
Book JIf. Part II. Sect. i. 

2. The Oceans. — itather less than three-fourths of the surface of the 
globe (or about 144,7 1 2, square miles) are covered by the irregular 
sheet of water known as the Sea. Within the la.st twenty years, much 
new light has been thrown upojj the depths, temperatures, and biological 
conditions of the ocean-basin.s, nu)re particularly by the Lightning^ 
Pormipine^ ('/latlcugn', Tuscnrimt, Bhikr^ Gazelle, and other expeditions 
fitted by the Briti.sh, American, (jcrman, Norwegian and Swedish 
Governments.- The ocean which up to the present lime has l^eon most 
extensively o.’cplored is the Atlantic. This important division of the 
hy*ib;psphcre runs a.s a long and winding belt of water between the New 
World and the Old. Towards the north it is clo.sed in by a submarine 
ridge, whicli, extending from the north-west of Scotland through the 
Faroe Islands and Iceland to Greenland, sepaiate.s it from the Arctic 
basin. Stretching from the Arctic to the Antarctic waters, the 
Atlantic Ocean cros.ses the various zone.s of temperature which girdle 
the glo})c. Its central parts lave the shores of eipiatorial America 
and Africa. Nortli of tlie.se, it readies the tem|K‘rate climates of North 

‘ TIic fiir orto\uis IS |H*(Mitmrly luh iii inumritn-s, (‘xj.fciullj m nmnufactuniig district-^, 
where nnicli coul is ihsed. TIk-m' iiiij»iintu‘s, however, flioiiKh sonietuin's of .sirious ctin.se- 
quence I'roiii ii .sanitary jioint of vu*\\, do not scn.Ml.ly atrirt tin- g(>nfral atiii 08 i»here, 
»eein« that tliny aie probably in ffreat measnro taken out of tbe air hy rum, even in the 
districts whicb pnaliu-e them. They po.ssoss, novertlu-less, a sponal ('wdoj^ioal significance 
and in this respect, too, have iinport.ant economic bearings. See on tbi.s whole .subject, 
Angus Smltb’.s ‘ Air and Uain.’ a valuable paper by I’lof. \V. N. Hartley and Mr H. Uaniage 
on ’‘'flio Miiioral t'oiistitiicnts of Dust ami Soot from V'nrions Sources” (/Voc. iSor. ]P0l), 
and the account of Rain in Rook III. Part II. 8t*ct ii. 

* Seo Wyville Thomson, ‘The Depths of the Sea,’ 1873; ‘The Atlantic,’ 1877 ; 
the voUiiiiinomi Jie^tnrt of ClKtlUnijrr Kqn'tiitwu, especially the two ” Nairativc” volumes, 
giving a summary of results; A. Aga,ssi/. ‘Three Crimses of the lilnU,' 1888; IHe 
FamchuHgsn'isr S.M.S, (iavUe, BimIhi, 188l>, 1900; Den Nu,t,ke XimUtura-Erixdawn, 
1870-78, m sc\en largo volume.x in Norwegian ami Ktiglish, the last of which was iasueil 
in 1901 ; The yuncegutn Forth /War Kijn’dition, editeil by Fridtjof Namsen, 1893-96, of 
which three \olmne8 have Iwen published. The lesnlts of Swedish hyilrogiaphical research, 
1890-99, are summarised in liUmng TV/. /lam/hng, Stockholm, xxv. li. (1900), p. 1, 

with an I'higlish synopsis and numerous m.aps of North Sea. Be.sides these more compendioon 
works, an extensive literature has grown up m recent years on the subject of oceanography. 
Numerous jiapi'rs will be found in the journals of tbe <lifferent Geographical Societies, and 
variou.s seiwrate treatises have been devoted to the subject, such as Thoulet’s ‘ Oceano|rapble,’ 
2 vols., I’ari.s, 1890-96; Bognslawski iind Krumnie^ ' Handbuch der Ozeanograpbie,’ 
Ptuttg.irt, 1884-87 ; Kriimuu‘r.s ‘Der Ozesn,' Leipzig, 1886; J. Walther’.s 'AllgemciDe 
Meereakunde,’ Leipzig, 1893. Copious references to the literature of the subject 
will lie found in Professor Siipau’s ‘Grundzuge der Physischen Erdkunde,’ Leipzig, 
1896; ami .still more in Professor Gunther’s * Handbuch der Geophysik,’ il, StuttgarL 
1899. 
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America and Europe. At the southern end it enters the icy Polar 
regions.^ 

A further feature of geologicjil importiinee is seen in the fact that., 
lowing to the arrangemont of the continents which bound it on the west 
and east, the Atlantic receives a far larger river-drainage than any other 
ocean. The map jjhows that down the whole length of America all the 
hirge rivers flow eastw'ard, and therefore fall into the Atlantic — the Sb 
Lawrence, Mississippi, Orinoco, Amazon, and La Plata, In Europe and 
Africa, if we include the rivers which enter the MediU'rraiiean and 
Black Sea, by far the largest proportion of the drainage finds its way 
into this ocean by such important rivers as the Rhine, Rh6ne, Danube, 
Dnieper, Nile, Niger, and Congo. The .\tlantic basin is thus the great 
reservoir jnto which the largest rner^ of the gloho discharj^ their 
waters. 

From the numerous soundings which have been taken throughout its 
entire length and breadth, the braad features of the floor of this oceaiy,^an 
bo laid down with considerable accuracy upon a map. The M'ider parts of 
the Atlantic have a depth of from 2000 to 11000 fathoms, or from about 
2 to miles. They form a vast umiulating plain, cros.scd by a ridge, 
which may l)c regarded as starting from the western edge of the great 
plateau whereon BriUiin sUnds. Pa.ssing southwards l)y tlie Azores, that 
mark its position and highest elevation, it forms what is known Jis the 
Dolphin Rise, whicii, at its southern end, aliout latitude 30 N,, ascends 
to within 400 fathoms from the surface. The ridge then strikes south- 
westward at a deptli of IC'S than 2000 fathoms to the coa.st of (Jnwwia, 
whence it turns south-eastward across the ocean, coming to the siiYface 
under the equator in the lonely St. Paul's Rock, and turning southward 
as a long ridge from which the volcanic islets of Ascension and Tristan 
d’Acunha rise. 

For a distance of some 230 miles to the west of the British Isles the 
slope of the Atlantic bottom is very gentle, being only six feet in the 
mile.' But beyond that limit tlu; ground de.scends more rapidly, for in 
the next 20 miles there is a fall of 0000 feet, or a de.scent of 450 feet in 
the mile, down to the level of the great su})niarine plain, which stretches 
for hundreds of miles to the west, with little variety of surface. This 
plain ascends slowly towards the north till it forms the great plateau 
which, culminating in the Faroe Islands and Iceland, separates the deeper 
water of the Atlantic from that of the Arctic Oewtn. 'Phe Newfoundland 
banks prolong the North American continental mass far into the ocean. 
The Florida j^eninsula and We.st Indian Islands separate the deep Atlantic 
waters from the basins of the Mexican Gulf and ( ariblxjan Sea, which are 
obviously snbmergetl enclosed seas. 

The central submarine Atlantic; ridge, and the deep hollow on either 
side of it, run in the same ^neral curving line as the continental lands 
that form the eastern and western Iwundaries of this ocean. Both to the 


' A- G.,' EleroenUry Lwuwns in Physical Geography,* p. 117. 

• For the north-emtern paH of the Atlantic, see an interesting paper by Mr. W. H. 
Hudle8ton,*Geo/. Mag. 1899, ^^5. 
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north and south of the equator, the floor of each of the winding troughs 
ginks here and there into profound abysses which have^ been found by 
soundings to Ikj from 3000 to 4000 fathoms in depth. About 100 miles 
north from the Island of St. Thomas, the Chalknger obtained a sounding 
of 3876 fathoms, or rather less than dj miles, in what appears to be a 
vast hollow running north-eastwards from the end of the ridge on which 
the West Indian Islands rise. Subsequently a much deeper depression 
has been found near tiie Virgin Island.s, about 70 miles north of Porto 
Rico, West Indies, where a sounding of 4561 fathoms or 27,366 feet was 
obtained. This is the greatest depth yet found in the Atlantic Ocean. 
It must of course be remembered that in proportion to the vast area of 
this ocean the soundings are relatively few in number and far apart. 
Where they have been made close together they have sometimes revealed 
greater Sbequalities of level than could have been suspected. Thus in 
1883, while a serie.s of soundings for telegraphic purposes was taken to 
the west of north-west Africa, in water previously supposed to be deep 
and T^osses-sing a tolerably uniform bottom, some submarine peaks were 
mot with rising to within 60 fathoms of the surface.^ 

The general contour of the bottom of the Pacific Ocean is indicated 
by the distribution of the islands, and has been further elucidated by 
recent soundings. The bottom of this vast basin lies g(uierally more than 
2000 fathoin.s below the .surface. But across its centre, between Japan 
and the coast of (Jhili, it is varied by a series of ridges sepjirated by deep 
hollows which have a general trend from north-west to south east. On 
these ridges numerous i.slands and archipelagoes rise to the surface and 
form the most characteristic feature of this ocean. The ridge which 
culminates in Now Zwdand runs at a right angle to the prevalent 
direction of the sub-oceanic ridges, but it is really a branch of one of 
these. Wo see that in the North 'Island the land turns round towards 
the north-west, and this direction is maintained by the continuation of the 
ridge under the sea. The Now IIobrjde.s, Solomon Islands, and New 
Guinea mark the unsubmerged jwjaks of another great ridge, which is 
prolonged westwanl by Celebes and Borneo, and sends a branch north- 
ward through the chain of the Philippine Islands. A strongly defined 
ridge- strikes southward from Ja[)an, and is marked at the surface by the 
Bonin and Marianne groups of islands. The Caroline, Marshall, Gilbert, 
Ellice, Fiji, Friendly, and Hervey Islands show the positions of other 
elevated portions of the ocean-floor. It is worthy of notice that while 
the largo islands on the prolongation of the Asiatic and Austi*alian plateau 
(New Caledonia, New Zealand, and others) are composed mainly of non- 
volcanic rocks, such iis those of which the continents chiefly consist, the 
scattered ocefinic islands, where they present any other material than 
coral-rock, reveal a volcanic orgin. They have probably been formed by 
the piling up of volcanic rocks from submarine eruptions. In the case of 
Hawaii the volcanic peaks rise 13,760 feet above the sea-level. 

As in the Atlantic basin, the hollows between the ridges sink into 
loop troughs, some of which have been distinguisheil by special names 
* Times, 7th D«c. 1888. [J. Y. BwcHi^an.] ^ 
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generally ta^en from the names of the investigators or the vessels engaged 
in deep-sea research. Thus in the northern Pacific, between the chain of 
the Aleutian Islands and the great submarine bank from which the 
Sandwich Islands rise, a vast hollow stretches from the coast of Japan 

* towards that of North America. This depression has been called the 
Tuscarora Deep, after the United States surveying ship of that name. It 

* sinks westward along the east side of Japan into a long, narrow abysmal 
trough in which, in the year 1874, the Tmearora took a sounding of 4656 
fathoms or 27,930 feet. For some years this remained the deepest known 
abyss on the floor of any part of the ocean. The Chitlhiujcr had alrciidy 
recorded a depth of 4475 fathoms in the Caroline Archipelago. But the 
British surveying ship Pemjuin has since obtained still deeper soundings 
to the south of the Tonga or Friendly Islands. In 181 ) 6 , in hit. ^3' 40' 
S., long. 175'^ 10' W., the .sounding-tube had reached a (le])th of 1900 
fathoms when, unfortunately, the wire broke. The in\c.stigation was 
resumed later by the same ship with success. In lat. 30 28' S., Jong. 
176° 39' W., a depth was obtained of no less than 6 1. '■>6 fathoms or 
30,930 feet — the greatest depth anywhere yet known.' It will be seen 
from the map that this profound abyss lies to the south of the Kermadec 
Islands and about 300 miles north-east from the Fast (.'iij)e of Now 
Zealand. It is a remarkable fact that the d(;cj)eHt jwrts of the oceans as 
revealed by actual .soundings do not he in or near the centres of their 
basins, but in every case have been met with not far from land. While 
the greatest depths have been observed between the Tonga Islands and 
Now Zealand, profound abys.ses have been found close U) the borders of 
the Pacific. Besides the Tuscarora Deep, jwrallcl with the trend of Ja]Kin, 
another trough, upwards of 4000 fathoms deep, has been met with lying 
parallel with the giant chain of the And(!8 at a distance of only .60 miles 
from the coast of Peru. 

Although the great water envelope of our jilanet may, for the sake 
of convenience, Iw [wrcelled out into separaU; oceans, these are all united 
into one .vast continuous sheet of water. Here and there, however, owing 
to the way in which the land h;i8 b(!cn ridged up, |X)rtion8 of the water 
have been almo.st separated from the main mass. Of the.se Enclosed 
Seas, the best example is that which has long been known as the 
Mediterranean Sea. The Black and Baltic Seas in Kiirope, Hudson’s 
Bay, the Caribbean Sea, and the Gulf of Mexico in North America, the 
Red Sea, Persian Gulf, and Seas of Japan and Okhotsk in Asia, are other 
illustrations. Some of the enclosed seas which are comparatively shallow 
really belong not to the oceanic but to the continental areas of the earth’s 
surface. Though their sites are now occupied by the sea, they may once 
have been land, and might be raised into land again without greatly 
disturbing the present order of things. 

Occasionally, by the upri|p of its floor, portions of the ocean have been 
elevated and completely cut off from the main body of oceanic waters, 
so as to form Inland Seas, of which the Caspian Sea and Sea of Aral, 
and some of the great African I^kes, are important instances. The 
’ kainre,^! (1895), p. 560 ; liii. (1896), p. 892. 
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Caspian Sea covers a larger space than the British Isles. Its surface is 
about 85 feet below sea-level, and its greatest depth amounts to nearly 
3000 feet. Its waters are tenanted by seals and other animals that 
elsewhere inhabit the ocean. That a much larger area in that region 
was once siibinergeii h shown by the fact that in the tracts of land 
which now enclose tlie Caspian and Sea of Aral and separate them from 
the Black Sea on the one hand, and from the Arctic Ocean on the other, 
beds of dead sea-shells are found. The main hotly of the ocean has been 
excluded by the ri.se of its l)ottom into land. The land along the coast 
of Siberia has in comparatively recent times been raised out of the sea, 
and there is some evidence to show that the Arctic Ocean formerly 
extended in a long arm between Europe and Asia as far as the hill-range 
which i^ow cut through by the narrow channel of the Bosphorus, but 
did not communicate with the present Mediterranean Sea, and that by 
the rise of the land towards the north all that part of this vast inlet 
lyinj^^^ the south of the parallel of or 52 ’ N. was cut off from the 

main oceafi. The present abundant salt lakes and marshes, as well as 
the two largo basins of the (^aspian and Aral, have been regarded as the 
mere shrunk remnants of this old Mediterranean Sea, The Black Sea 
has been separated from the waters of the (’aspian region, and the 
intervening ridge bctweim it and tin* Mediterranean Sea has been cut 
through, HO that the Black Sea now communicates through the Bosphorus 
and Sea of Marmgra with the Mediterranean, There seems also to be 
less rain or more evaporation now than formerly in the region of the 
Caspian and Aral, so tliat these sheets of wattware still further shrinking. 

In recent years the extraordinary fact has been brought to light that 
gome of the great African lake.s now' filled w'ith fresh water are probably 
portions of the sea-bottoiri which have been uplifted, for marine forms of life 
gtill survive in them. A vast line of depression (the Great Rift Valley) 
servos here to murk one of the greatest and most recent revolutions in 
the topography of the earth’s surface. Further reference to Inland Seas 
and I^kes wdl bo made in Book III. Bart II, Sect, ii, 4. 

But not only have portions of the sea-bottom been uplifted and 
isolated into inland sheets of water ; the land has in many places sunk 
under the sea, carrying down with it, uneffaced, its characteristic ter- 
restrial features. Among these features some of the most recognisable ' 
are the lines of valley which w'ere carved out on the surface of the land 
by subaerial denudation.^ It will be pointed out in Book III. Part I. 
Sect. iii. 5^ 1, that many glens arc prolonged under the sea as sea-inlets 
or fjords, and that even far from the coast such traces of a former 
terrestrial surface may l>e recognised. 

A question of high importance in geological inquiry is the fojjm of 
the surface of the sea, or what is usually called the sea-level. It used to be 
generally assumed that this surface is stable Und uniform and nearly that 
of an ellipsoid of revolution, owing its equilibrium to the force of gravity 
on the one hand and the centrifugal force of rotation on the other. But 
in recent years this conception has been called in question both by 


^ The floor of the North Sen a notable illustration Sf such a submergAce. 
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physicists and geologists. Observationsf as well as calculations have 
shown that the attraction exercised by masses of land raises the level of 
the adjacent sea, and attempts have been made to determine how far the 
deformation thus caused departs from the mean of the theoretical ellipsoid 
of revolution. According to Bruns a continent may cause a dirt'erence of 
more than 3000 feet between the actual level of the sea and that of the 
ellipsoid. But the results of such calculations will greatlv depend on 
the assumption on which they start as to th.‘ nature of the eai th’s crust. 
R. S. Woodward has calculated that if the continent of Kuropo and Asia 
be supposed to bo simply a superficial aggregation of matter with a 
density as great as the parts under the sea, the elevation of sea-level at 
the centre of the continent due to attraction would amount to about 
2900 feet, but that, if the continental mass be assumed to iinply^ (lef«*ct 
of density underneath it, the elevation of the sea at the centre of the 
continent duo to attraction would he only about 10 feet ‘ The actual 
levellings carried out in Europe have shown, how(‘ver, a much 
variation from mean sea-level than might h;ive Ihhmi anticipated. Taking 
the mean surface of the Mediterranean at Marseilles as a datum line, it 
has been found that the surface of tliat e.\ pause <»f M.itcr is from 5 to 8 
centimetres lower farther to the east, but tin* level at Tncste is 2 cm. 
higher. In the Atlantic the level is higher than at Marscdlles, the 
greatest difference observed being at 8t. Jean do Eu/, where the level is 
15 cm. above that of Marseilles. Passing throiiudi the English Channel, 
where the surface is still rather above the normal, we find that it sinks 
in the North Sea, being as much as 10 cm. or rather more than six 
inches below the Marseilles datum at Ostend. Farther north at 
Cuxhaven the level rises to .S cm above datum, hut in the lialtic it 
again sinks below it, being 9 eni. at Travemiindo, 4 cm. at Wariiemnnde, 
and 2 cm. at .Swinemiinde.*^ It would thus ajipear that the extreme 
range of variation of sea-level round the coast line of Europe only 
amounts to 31 cm. or about one English foot. 'I’liis subject is further, 
considered in Ikxik III. Part I. Sect. lii. 

The water of the ocean is di.stini'uishc<l from ordinary terrestrjal 
waters by a higher specific gravity, and the presence of so large a pro- 
portion of saline ingredients as to imparl a strongly salt taste. The 
average density of sea-water is about J hut it varies slightly in 
different parts even of the same ocean. According to the. observations 
of J. Y. Buchanan during the Chalknfjei ex))edition, .some of the heaviest 
sea-water occurs in the pathway of the trade winds of the North Atlantic, 
where evaporation must be comparatively rapid, a (lensity of 1 02781 being 
registered. Where, however, large rivers enter the sea, or where there 
is nuich melting ice, the density diminishes ; Buehanan found among the 
broken ice of the Antarctic Ocean that it had sunk to 1 02418.^ A 

* H. Bruns, ‘Die Figur cUt Erdc,’ Berlin, 1S78 ; R, 8. Woodward, Jirdl. C. S. (f. .S. 

No. 48, p. 85 (1888). 

• Borsch- Kiihoen, ‘ Vergleichung der Mittelwaaser der Ostsec nnd Nordsec, des Atlsn- 

tiseben Ozeane*, und^les Mittakneeres,' Berlin, 1891 ; CJrnber, “ Geometrische Nivellement," 
TVcAhwcA* BUUter, xxiii. 2 and 3. • Buchtnan, Proc. Roy. Snc. (1876), wiv. 
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series of soundings taken during the Vega expedition in the 
(lat 76^^ 18', long. 95° 30' E.) gave a progressive increase of salinity 
from M at the surface to 3 4 at 30 fathoms, the surface being freshened^ 
by the water poured into the sea by the Siberian rivers. 

The greater density of sea-water depends, of course, upon the salts 
which it contains in solution. At an early period in the earth’s history, 
the water now forming the ocean, together with the rivers, lakes, and 
snowfields of the land, existed as vapour, in which were mingled many 
other gases and vapours, the whole forming a vast atmosphere sur- 
rounding the still intensely hot globe. Under the enormous pressure 
of the primeval atmosphere, the first condensed water might have had a 
temperature little below the critical one.- In condensing, it would carry 
down w^th it many substances in solution. The salts now present in 
sea -water ai’O to bo regarded as partially derived from the primeval 
constitution of tlio mia, and thus wo may infer that the sea has always 
beon^ore or less saline. Professor Joly estimates the probable original 
proportion of chlorides in the primeval ocean to have been about 10 '7 
per cent of the present amount, the remaining large percentage having 
been since supplied to the sea by rivers canying salts in solution from 
the laud.® 

But it is manifest that, whatever may have been the original com- 
position of the oceans, they have for a vast section of geological time been 
consUintly receiving mineral mutter in solution from the land. Every 
spring, brook, and river removes various salts from the rocks over which 
it moves, and these suhsUnces, thus dissolved, eventually find their way 
into the sea. Consequently sea- water ought to contain more or less 
traceable proportif)ns of (‘very substance which tlie terrestrial waters can 
remove from the land — in short, of prolxably every clement present in the 
outer shell of the globe, for there seems to bo no constituent of the earth 
which may not, under (pertain circumstances, he held in solution in water. 
Moreover, unless there ho some counteracting process to remove these 
mineral ingredients, the ocean-w^ator ought to he growing, insensibly 
perhaps, sjilter, for the supply of saline matter from the land is incessant. 
It has boon ascertained indeed, with some approach to certainty, that the 
salinity of the Baltic and Mediterranean is gradually increasing.* 

' O. Pottcrssoii, * Ve^rt-Expcilitioiiens Wtenskapliga lakttagelser,’ ii., Stockholm, 1888. 
Tha apccitk gravity of the waters of the nca has been carefully investigated by Dr. Buchan, 
Trtttu. /ioy. .She. Mklin. 1811(5. A summary of hi.s work will Iw found in A’iifare, liv. (1896), 

p.286. 

• See a paper by Professor J. Joly, “ An Estimate of the Geological Age of the ilarth," iSni. 
IVwiiA Rof/. Dublin ser. 2, vu. (1899), pp. 23-65. In this paper an account is given of 
the probable stages in the condeiusation and composition of the ocean. See also Q. J> O, S. 
xxxvi. (1880), pp. 112, 117 ; Rev. O. Fisher, 'Physics of the Earth’s Crust,’ 2tidedit. pT 148. 

’ Sterry Hunt 8 up}> 08 ed that the saline waters of Ngrtb Americji derive their mineral 
ingredients from the se<iinients and precipitates of the sea in which the Palceozoio rocks were 
deposited. 'Geological and Chemical Essays,’ p. 104. There is evidence among the 
geological formations that large quantities of lime, silica, chlorides, and sulphates have in 
the course of time been removed from the sea. «. , 

* Paul, in Watt’s ‘ Dictionary of CJhemlstry,’ v. p. 1020. ♦For a detailed study of the 
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The average proportion of saline constituents in the water of the 
great oceans far from land is about three and a half fjarts in every 
hundred of water.^ But in enclosed seas, receiving much fresh water, it 
. is greatly reduced, while in those where evaporation prcdomiimtes it is 
correspondingly augmented. Thus the Baltic water contains fioni one- 
seventh to nearly a half of the ordinary proportion in ocean watei-, while 
the Mediterranean contains sometimes one-sixth more than that propor- 
tion. Forchhammer detected the })resence of the following twenty- 
seven elements in sea^water : oxygen, hydrogen, chlorine, Inomine, iodine, 
fluorine, sulphur, phosphorus, nitrogen, carbon, silicon, boron, silver,’ 
copper, lead, zinc, cobalt, nickel, iron, manganese, aluminium, magnesium, 
calcium, strontium, barium, .sodium, and potassium.- 'bo these may bo 
added arsenic, lithium, caesium, rubidium, gold, and probably mo^ if not 
all of the other elements, though in proportions too minute for detection. 
The chief constituents have been determined by Dittmar to be present 
in the proportions shown in the first column of the subjoined t'^ile.s. 
Assuming them to occur in the condnnations .shown in the second 
column, they are present in the average ratios therein stated.^ The 
third column shows the proportions of the diflerent chemical elements in 
the composition of the waters of the ocean as a whob; • — '' 

Eastorij Mediterranean, see the Jleport.s of a Coiiiiuosieu, Ihtdi^th AUd. , Vi.Tiiia, 
1892 d sfq. 

* Djttinar’s el.aborate re.seurelie.s on the saiuples of o(.aii wafer collt-Lti'd Ijy the ('hah 
h'ugtr Expedition show that the h>west jtereentafje of .salts oht.Hiind wils 3 .‘JOl, liom the 
southern part of the Indian Ocean, south of lat. 6(5', whde the highest was 3 737, ironi the 
middle of the Norlli Atlantic, at about lat. 23 . Some valuable nsults fr<ini observations 
on the w.aters of the North Atlantic are given by II 'Ibiioe .irid I,. Shiindck mi the IXfimt 
of thf Norwegian North- Atlantic Krjmhtvin, 1870-78. The avei.i^'e pioportion of salts 
was found to be from 3‘47 to per cent, the mean ijiiantities of each (onslitiient os 
estimated bein^ as follow; t'aCOg. 0-002; t'aSO^, 0 ]31».^ ; MkS(> 4 , 0 2071 ; 0-3561 ; 

KC:i, 0-747 ; NallCO.,, 0 0166 , NaCl. 2 682. 

Forehhaniiner, /Vu/. Tntwt. civ. p. 295. According to 'I'hoipe ami Morton {Chem. 

Hoc. Journ. XXIV. p. 507), the water of tlie Iri.sh Sea contains in aiimnier rather more 
salts than in winter. In 1000 grammes of the summei wabrof the lush Sea they found 
0-04751 grammes of carbonate of lime, 0 00503 of feiroiis < arlioiiate and traces of mIick' acid. 

For exhaustive chemical investigations regarding the cherni'try of ocean water consult 
Dittmar in vol, i. “Physics and Chemistry,” Report of Voyage ,f the Challenger, 1884 ; also 
the “Chemistry” part of the He.p,wt <f the Norwegian North Attantie K.rj>eil)hon, 1876-78. 

* Prof. Liversidgc has estimated, as the lesult of numetous unalvseN, that tlio sea-water 
off the coast of New South Wales contaiu.s from about 0 5 to 1 giain of gold jHjr ton, or 
in round numbers 130 to 260 tons of gold per cubic mile, and be jioints out lliat at this 
proportion there may be more than 75,000,000,000 tons of gold in the waters of, the whole 
oceans of the glolie. /'m;. Roy. Roe. N. S. Wales, 2nd Oct. 1895. Professor W. liamsay 
remarks also that “sea- water sometimes contains a grain of gold jier ton, that is, one part 
in 16,1^0,000,” Nature, Ixv. (1901), p. 164. 

* Dittmar, op. cit. p. 203 et seq. For further reference to the chemistry of sea-water, 
especially in connection with the aftjon of marine orgamsm.s see Bofik III. Part II. 

* Mr. F. W. Clarke, Bull. U. S. O. S. No. 78 (1891), p. 35. He remarks that in this 
allocation of the several proportions of the elements, di.ssrdved gases need not be taken into 
account^ and that the other elet^ents not here named are present in such minute quantities 
tiiat no on^of them can react^O OOl of 1 per cent 
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Chlorine . 55*292 

Chloride of sodium . 

77*758 

Oxygen . 

. 85*79 

Broiniite . 0'188 

Chloride of magne- 


Hydrogen 

. 10*67 

Sulphuric acid, SO 3 6-410 

sium . 

10*878 

Chlorine . 

. 2*67 

Carbonic acid, CO., . 0-152 

Sulphate of magnesia 

4-737 

Sodium . 

. 1*14 

Lime, CiiO . 1-676 

Sulphate of lime 

3-600 

Magnesium 

. 0*14 

Magnesia, MgO . 6 209^ 

Sulphate of pota.sh , 

2-46.5 

Calcium . 

. 0*06 

rotash, KO . .1 -332 j 

Bromide of magne- 


Potassium 

. 0*04 

Soda, NaaO . . 41-234 

sium . 

0-217 

Sulphur . 

. 0*09 

f’ai-bonate of iimo . 

0 345 

Bromine . 

. 0-008 

Subtract Ba.sic 0,\y - 1 1 



Carbon . 

. 0*002 

gen etiuivalent to / 12-493 t 
the Ilaloguns j j 

1>tal SalU 100-000 | 

ToUl Salts 100-000 

100*000 


Scft-wator is upprociably alkaline, its alkalinity being due to the 
presence of carbonates, of which carbonate of lime is onc.‘ In addition 
to ite wilts it always contiins dissolved atmospheric gases. PVom the 
researches conducted during the voyage of the BoniM in the Atlantic 
and Indian Oceans, it was estimated that the gases in 100 volumes of 
sea-water ranged from I'iST) to .‘V04, or from two to three per cent. 
From observations made duritig the Borcupine cruise of 1868, it was 
^weerUinod that the projmrtion of oxygen was greatest in the surface 
water, and least in the bottom water. The dissolved oxygon and nitro- 
gen are doul)tlcss absorbed from the atmosphere, the proportion so 
absorbed being mainly rogulateil by temperature. According to Ditt- 
mar's determinations, a litre of sea-water at 0° C. will take up 15’60 
cubic centimetres of nitrogen and 8i8 of oxygen, while at 30" C. 
the i)r()portions sink respectively to 8*36' and 4*17. Ho regarded the 
carbonic acid as occurring chiefly as carbonates, its jwosenco in the free 
state being exceptional. During the voyage of the Challenger^ Buchanan 
ascertained that the proj)ortion of carbofuc acid is always nearly the 
same for similar temperatures, the amount in the Atlantic surface water, 
between 20" and 25" C., being 0*0466 gramme per litre, and in the 
surface Pacific water 0*0268 ; and that sea-water conOiins sometimes at 
least thirty times us much carbonic acid as an equal bulk of fresh water 
would do.“ A supposed greater proportion of carbonic acid in the 
deeper and coltler waters of the ocean has been suggested as the main 
cause of the disappearance of the larger and more delicate calcareous 
pelagic organisms from abysmal deposits, these forms being more readily 
attacked and carried aw.ay in solution ; but according to Dittmar, even 
alkalirie sea water, if given sufficient time, will take up Cfirbonate of lime 

^ Dittmar, op cit. p. 206. 

* Proc, Ro^. xxiv. Accorviing to Mr. Tonu>e (.Vojicr^iaH yorth AttatUv^iixpedu 
tion, 1876-78, “Cliemistry ”)most of the carbonic acid of sea- water is iu combination with 
soda as bicarbonate of soda. See his memoir for an estimate of the proportion of air in 
sea - water ; also J. Y. Buchanan, Nature, xxv. p. 386. Dittmar, op. cit. p. 209. The 
student will And a detailed discussion of '^The Carbon-dioxide of the Ocean and ita relations 
to the Carbon-dioxide of the Atmosphere,'* iu a paper by li^. Cyrus F. Tolroan, jun., Jaum, 
QwL vii. (1899), pp. 686-618. 
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in addiUon to what it already contains.* Another of the c<yi8tituent8 of 
sea'Water is diffused organic matter, derived from the bodies of dead 
plants and animals, and no doubt of great jinjmrtance as furnishing food 
for the lower grades of animal life." ft has been ascertained that in the 
Black Sea there is a remarkalile development of sulphuretted hydrogen, 
which gradually increases with the depth until in tin* Ixittom Maters, 
1200 fathoms from the surface, the proportion rises to GoT) cubic 
centimetres in 100 litre.s. This gas appears to Ik 3 liberated by the action 
of certain microbes upon organic matter, and e\en njKtn the sulphates 
and sulphides present in solution in the water.** 

In working up the results of the lliallenijn' e.\|K'dition, the late 
Professor Tail had (X'casion to make some experiments Mdiich proved 
that sea-water is sensibly c(unpressible l»y it.s own Meight, /In* com- 
pre-ssibility increasing by about one ton per Hpian* inch for every mile 
of descent below the surface. At the InAtom of the aliysses, at a depth 
of six miles, this pressure mu.st amount to 1000 atmospheres. The 
result of this compression is to inak»* the .^urfacc level of the general 
mass of tiie oeeans .some IIG feet lower than it Mould be if the M*ator 
were perfectly incoinjiressible. If the Mater ceased to be compressible, 
the effect M'oukl bo to submerge 2,tt0rt,000 sijuaro mile.s of land, about 
4 per cent of the whole.'* 

II . — '!%' Sohi (Jlot)t' or IJfhosphrrc. 

Within the atmospheric and oceanic «‘nvelopes lies the inner solid 
globe. The only portion (»f it which, li.sing alK)vc the .sea, is visible to 
us, and forms M'hat we term Land, oecupie.^ rather more than one-fourth 
of the total su|)erficieH of the globe, or al)()Ut or>,000,0{)0 stjuaro miles. 

§ 1. The Outer Surface. -The land is jdaced chiefly in the northern 
hemisphere and is disposed in largo mas.ses, or eontineiits, which taper 
southwards to about half the distance betM'eert the equator and the 
south ]f)ole. Xo adequate cause has yet been as.signcd b)r the present 
distribution of the land. It atn l)e shoM-n, however, that portions of 
the continents are of extreme geoh^gical anti«|uity. 'rhere is reason to 
believe, indeed, that the pre.sent terre.strial an-as have on the whole 
been land, or have, at legist, Fiever been submerged beneath deep water, 
from the time of the earliest 8tratifie<l formations ; and that, on the 
other hand, the ocean-basins have probably always been vast areas of 
depression. This subject will be discussed in subsequent fmgos. 

In the New World, the continenUil trend is approximately north and 
south ; in the Old World, it ranges east and west along its northern 

ciL p. 222. 

* Diflfereiit estimates hare b^n made of tlie prof>ortion of oi^anio matter. . According 
to the researches of L, Sohmelok (N&rweffuin North- AUanitc Kxpcd^twn^ 1876-78, part lx. 
p. 4), the proportion of 0*0025 gramme in 100 c.c. of water. 

* N. Androuasow, “ La Mer Noire,” Ouidt (Us Brenrsums r//"“ Congr. Giol, JrUenuU. 

No. xxU (1897), p. 6. • 

* C^miUnger RtporL, “ Rhirsics and ChemUtry,” U. part i. p. 76. 
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extent, andvgenda two long tongues southward, one of which forms the 
continent of Africa, the other the vast chain of islands which ter- 
minates in Tasmania. A remarkable line of partition, which has already 
been alluded to, divides the continental masses into northern and 
southern regions. This line of severance is complete between Europe and 
Africa, and between Asia and Australasia, though between North and 
South America a narrow strip of land connects the two continents. 

The general features of continental structure, and especially the 
intimate relation that may be traced between the general trend of the 
land areas and the direction of the mountain-chain.s, are best displayed in 
the Now World, where both North and South America may be studied 
as typical embodiments of these leading chai-acteristics. It is there seen 
how th^land roaches its highest elevation along the margin that faces 
the larger ocean, while minor and loss connected ranges of hills rise upon 
the opposite border. We observe also that the dominant trend of the 
contj^ientiil mass reaches its culminating line along the groat backbone of 
mountains that stretches almost continuously from Cape Horn into the 
Arctic Ocean, from which lino of upheaved ground broad plateaux and 
lower plains descend tow'ards the Atlantic. 

While any good map of the globe enables u.s to see at a glance the 
relative positions and areas of the continents and oceans, most maps fail 
to furnish any data by which the general height or volume of a continent 
may bo estimated. As a rule, the mountain-chains are exaggerated in 
breadth, and incorrectly indicated, wdiile no attempt is made to distinguish 
between high plateaux and low plains. In North America, for example, 
a continuous shaded ridge is ])laccd down the axis of tlio continent, and 
marked “ Rocky Mountains,'’ while the vast level or gently rolling 
prairies are left with no mark to distinguish them from the maritime 
plains of the eastern and southern suites. In reality there is no such 
one continuous mountain -chain. The so-called “Rocky Mountains” 
consist of many independent and sometimes w'idely sep.aratcd ridges, 
having a general meridional trend, and rising above a vast plateau, which 
is itself 4000 or 5000 feet in elevation. It is not these intermittent 
ridges which really form the great mass of the land in that region, but 
the widely extended lofty plateau, or rather succession of plateaux, which 
supports them. In Europe, also, the Alps form but a subordinate part 
of the total bulk of the land. If their materials could be spread out 
over the contiuoiit, it has been calculated that they would not increase 
its height more than about twenty-one feet. 

Attempts have been made to calculate the probable average height 
which would be attained if the various inequalities of the land could 
be levelled down. Humboldt estimated the mean height of Europe to 
be about 671, of Asia 1132, of North America 748, and of ^uth 
America 1151 feot^ Herschel supposed thia mean height of Africa to 
be 1800 feot.^ These figures, though haseni on the best data available 
at the time, were much under the truth. In particular, the average 
height assigned to North America was evident!^ far less than it should 
' * A«i« Centrale,’ tome i. p. 168. • ‘PhysicU Geography,' p. Ii9. 
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be ; for the great plains west of the Mississippi valley reach an altitude 
of about 0000 feet, and serve as the platform from which the moun- 
tain ranges rise. The height of Asia also is obviously much greater 
than this old estimate. G. Leipoldt subsequently computed the mean 
* height of Europe to be 296-838 metres (973-628 feet),* Professor A. 
De Lapparent made the mean height of the land of the globe 2120 feet, 
and estimated the mean height of Europe to be 958 feet, Asia 2884, 
Africa 1975, North America 1952, and South America 1762.® Sir John 
Murray computed these heights as follows; Europe 939, Asia 3189, 
Africa 2021, North America 1888, South America 2078, Australia 806 
feet ; general mean height of land, 2252 feet.^ Subsequently the subject 
has been reinvestigated by the late General De Tillo,^ Dr. Hugh K. 
Mill}® Dr, Supan,® and Professor Penck.^ It is of some consequence to 
obtain as near an approximation to the truth in this matter as may be 
possible, in order to furnish a means of comparison between the relative 
bulk of different continents, and the amount of material on which 
geological changes cun be effected. The latest general results of the 
various estimates as to the area and height of the continents are embodied 
in the subjoined table ; — 


Continent 

Anyiiti.S.) Miles. 

Y 

Mean lleiglit 

(ireulest Klev/i- 


- 

i - 


Uou in Keel. 

Europe 

3,700,000 

i 330 metros (1032 feet) 

18,. 600 

Asia 

10,400,000 

j 1010 

M (3813 .. ) 

29,000 

Africa 

11,100,000 

: m) 

,, (2166 ,, ) 

18,800 

Australia 

3,000,000 

1 .310 

(1017 „ ) 

7,200 

1 North Ameni.i 

7,600,000 

1 660 

.. (2132 .. ) 

18, -200 

South America . | 

6,800,000 

i 660 

(2132 „ ) 

' *2-2,400 

All Cotiiitriea . ' 

6.6,000,000 

j 73.6 

„ (2411 ,, ) 

29,000 


The highest elevation of the surface of the land is the summit of 
Mount Everest, in the Himalaya ningo (29,000 feet) ; the deepest 
def)res.sion not covered by water is that of the shores of the Dead Sea 
(1300 feet below sea- level). There are, however, many subafpieous 
portions of the land which sink to greater depths The bottom of the 
Caspian Sea, for instance, lies alx)ut 3000 feet l>elow the general sea- 

* ‘Die MitUere Hohe Kiiropas,' Lei|>zig, 1874 In tbi8 work the ineeu hei|^ht of 
SwItierUnd is put down 88 1299-91 metres; Spanish peninsula, 700-60; AnstrU, 617-87; 
Italy, 617-17; Scandinavia, 428-10; Prance, 393*84; Great Britain, 217*70; German 
Empire, 213*66; Russia, 167*09; Belgium, 163'36 ; Denmark (ezcIusiTe of Iceland), 
36*20 ; the Netherlands (exclusive of Luxembourg and the tracts below sea-level), 9’61. 

* ‘Tn4t4 de 0»k>logie,’ p, 56. * Scottish Gcog. Mag, iv. (1888^, p. 23. 

* ** Die Hittlere Hohe der Kontinente und die Mittlere Tiefts der Ozeane," etc., Iswestija, 
Buss. Qtogre^. Qes. xxv. (1889), p. ?13 ; Ptlennanns MxUh. (1889), p. 48. 

® “The Vertical Relief of the Globe," ScoUish Qeog. Mag. vi. (1900), p. 182. 

* Petemanns Mitth. 1869, p. 17. See also the summary of the subject in hia 
‘Qmndzdge der Physlschen Erdku^e,' 1896, p. 36. 

^ See bis ‘^orphologie der E|d6berflache,’ i. pp, 146-162, and authoriUes there cited. 
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level. The vertical difference between the highest poin^ of the land 
and the maximum known depth of the sea is 59,930 feet or more than 
11 miles. 

There are two conspicuous junction-linos of the land with its over- 
lying and surrounding envelopes. First, with the Air, expressed by 
the contours or relief of the land. Second, with the Sea, expressed by 
coast-line. 

(1) Contours or Relief of the Land. — While the surface of the 
land presents endless diversities of detail, its leading features may be 
generalised as mountains, table-lands, and plains. 

Momtains . — The word “mountain” is, properly speaking, not a 
scientific tei*m.^ It includes many forms of ground utterly different from 
each ^her in size, shape, structure, and origin. It is popularly applied 
to any considerable eminence or range of heights, but the height and size 
of the elevated ground so designated vary indefinitely. In a really 
mountainous country the word would be restricted to the loftier masses 
of ground, while such a word as hill would be given to the lesser heights. 
But in a region of low or gently undulating land, where any conspicuous 
eminence becomes important, the term mountain is lavishly used. In 
Eastern America this habit has been indulged in to such an extent, that 
what are, so to speak, mere hummocks in the general landscape, are 
dignified by the name of mountains. 

It is hardly possible to give a precise scientific definition to a term so 
vaguely employed in ordinary language. When a geologist uses the word, 
he must either be content to take it in its familiar vague sense, or must 
add some phrase defining the meaning which he attaches to it. He finds 
that there are four leading and distinct types of elevation which are all 
popularly termed mountains, and each of which is susceptible of sub- 
division into further groups. 


(а) Volcanic mountains, formed by the accumulation of materials ejected from the 
earth’s interior and piled up into a conical mass round the vent from which they 
proceed. Such eminences may be of any size, from mere hillocks, like some of the Puys 
of Central France, up to the most gigantic masses, such as Etna, Teiieriffe, aiid Cotopaxi. 

(б) Outlier mountains, produced by the isolation of large, more or less conical or 
flat-topped masses during the course of prolonged denudation. Such detached ont- 
liers are more especially frequent fronting the escarpments of thick groups of sedimentary 
formations. Where they consist of flat or slightly inclined strata they generally 
display parallel lines along their sides, caused by the influence of the harder and softer 
layers in the stratification. Conspicuous examples of this type of mountain -form are 
presented by the Torridoii Sandstone of the north-west of Scotland, where some of the 
isolated masses range from 3000 to 4000 feet in height. The remarkable Buttes of 
Western America are well-known instances of a similar structure and scenery (Book VII.). 

(c) Closely connected with tlie last-named type is that of denudation ridgea These • 
consist of eminences, often hundreds or thousands of feet in height, connect^ at the 
sides or base, and forming long lines of winding ridges or chains of uplands. They are 
marked by the distinctive feature that their foimsiare not directly due to ajiy internal 


^ A useful compendium of informatiou regarding the mountain chains of the globe will 
be found in R von Lendenfeld's ‘Die Hochgebirge der Erde,’ pp. ziv, 282, Freiburg Im 
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•traetnn of their oouponeiit rocke» bat have reialted from the uaeqiul efleota of 
dsaodation. They are Duwsee of ground left after the eroaion of the aystem of valleys 
by which they are traversed. Many of the more ancient table-lands both in the Old 
World and the New ftimish examples of this ty^ie, such as the highlands of Scotland, 
the hills of Cumberland and Wales, the chain of Qelds in Scandinavia, the uplands 
between Bohemia and Bavaria, the I^aurentide Mountains of Canada, and the Green and 
White Mountains of New England. . Every stage in the evolution of thia kind of 
topography may be exemplified, the earliest being furnished by the more reoeut forma- 
tions such as the Tertiary basalts of Iceland, the Faroe Isles, and the we^t of Scotland, 
and the clays, sandstones, and limestones of the Central and Western States of America. 

(d) Tectonic mountains, consisting of chains of ridges that rise into a succession of 
more or less distinct summits, and are separate<l by lines of valleys. The broad 
distinction of this type is that it has been produced by the plication and elevation of the 
earth’s crust. In some cases, like the Jura, the crust has been thrown into lonff folds, 
without serious rupture ; but in the more important examples, like the Alps, tae crust 
has not only been plicated but dislocated, and largo portions of it have been overturned 
tnd thrust over each other. In the course of ages of denudation the original topography 
due immediately to underground disturbance has been profoundly moditied, but the 
great mountain masses remain as memorials of tlie gigantic upheavals that gave them 
birth. It ia these heights that in a geological sense ate the only true mountain-ranges. 
They may be looked upon as the crests of the great waves into which the crust of the 
earth has been thrown. All the great mountain-lines of the world belong to thia type. 

Leaving further details of mountain-topography to be given in Book 
VII., we may confine our attention here to a few of the more important 
general features. In elevations of the fourth or true mountain type, 
there may be either one line or range of heights, or a series of parallel 
and often coaloacent ranges. In the Western Territories of the United 
States, the vast plateiiu has been, as it were, wrinkled by the uprise of 
long intermittent ridges, with broad plains and basins between them. 
Kach of the.se forms an independent mountain-range. In the heart of 
Europe, the Bernese Oberland, the Pennine, Lepontine, Rhaetic, and 
other ranges form one great Alpine chain or system. 

In a great mountain-chain, such as the Alps, Himalayas, or Andes, 
there is one general persistent trend for the successive ridges. Here 
and there, lateral offshoots may diverge, but the dominant direction of 
the axis of the main chain is generally observed by its component ridges 
until they disappear. Yet while the general parallelism is preserved, no 
single range may be traceable for more than a comparatively short dis- 
tance ; it may be found to pass insensibly inU) another, while a third may 
be seen to begin on a slightly different line, and to continue with the 
same dominant trend until it in turn becomes confluent. The various 
ranges are thus apt to assume an arrangement en Echelon. 

The ranges are separated by longitudinal valleys, that is, depressions 
coincident with the general direction of the chain. These, though 
sometimes of great length, are relatively of narrow width. The valley 
of the Rhdne, from the soured of the river down to Martigny, offers an 
excellent example. By a second series of valleys the ranges are trenched, 
often to a great depth, and in a direction transverse to the general trend. 
The Rh5ne furnishes also ^ example of one of these transmse valleys, 
in its oouni^ from Martigny to the I^ake of Geneva. In most mountain 
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regionHf the heads of two adjacent transverse valleys are oflen connected 
by a depression or pass (col, jack), 

\ A large block of mountain ground, rising into one or 

} more dominant summits, and more or less distinctly defined 

y i by longitudinal and transverse valleys, is termed in French 
< , * a massif — a word for which there is no good English equj- 

\ * .. valent. Thus in the Swiss Alps we have the massifs of the 

\ S Glarniscl), the Todi, the Matterhorn, the Jungfrau, etc. 

\ ^ Very exaggerated notions are common regarding the 

( ^ angle of declivity in mountains. Sections drawn across any 
Y j mountain or mountain-chain on a true scale, that is, with 

\ g the length and height on the same scale, bring out the 

y > 2 fact that, even in the loftiest mountains, the breadth of 

/ I base is always very much greater than the height. Actual 



I S 1 — AiiKlosofSlup*- wheicthreyoiimybeacceivedby per'.iKJctivp. (Artcr Kuskin.) 

-g A, MounUifn outline , B, Tho flame ouUine as flhown by cotta^n loof, 

c 

* vertical preci()ices are less frequent than is usually supposed, 
g and even when they do occur, generally form minor in- 
cidents in the declivities of mountains. Slopes of more 
3 than 30" in angle are likewise far less abundant than casual 

"ij tourists believe. Even such steep declivities as those of 

g or 40° are most frequently found as /a/ws elopes at the 

I foot of crumbling cliffs, and represent the angle of repose 

7 of the disintegrated debris. Here and there, where the 

^ blocks loosened by weathering are of large size, they may 
E accumulate upon each other in such a manner tliat for 

short distances the aVerage #ngle of declivity may mount 
U as high ns 65°. But such steep slopes are of limited 

' extent. Declivities exceeding 40°, and bearing a large 

proportion to the total dimensions of hill or mountain, are always found 
to consist of naked solid rock. 
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In estimating angles of inclination from a distance, the student will 
learn by practice how apt is the eye to be deceived by perspective and 
to exaggerate the true declivity, sometimes to mistake a horizontal for a 
' highly inclined or vertical line. The mountain outline shown in Fig. 1 
presents a slope of 25° between a and of 45" between b and r, of 17° 
between c and d, of 40’ between d and c, and of 70’ between e and /. 
At a great distance, or with bad conditions of atmosphere, these might 
be l)elieved to be the real declivites. Yet if the sjune angles l)o olaerved 
in another way (as on a cottage roof at 11), we may learn that an 
apparently inclined surface may really be hori/.ontjil (as from a to b and 
from c to d), and that by the effect of perspective, sIojhjs may be made 
to appear much steeper than they really are.^ 

Much evil has resulted in geological research from the Tse of 
exaggerated angles of slope in sections and diagrams. It is therefore 
desirable that the stiiderit siiould, from the bcgiiunng, accustom himself 
to the drawing of outlines as nearly as possible on a true saile. The 
accomi>anying section of the Alps by l)e la Beche (Fig. 2) is of interest in 
this respect, as one of the earliest illustrations of the advantage of 
constructing geological sections on a true scjvle as to the relative proper* 
tions of height and length.^ 

Table lands or Plateun.r are clcvatc<l regions of flat or undulating 
co\intry, rising to heights of 1000 feet and upwards above the level of tho 
sea. Thc}'^ are sometiujcs boidered with steep sIojkjs, which descend from 
their edges, as tho table land of the Siwnish peninsula does into the sea. 
In other wises, they gradually sink into the plains and have no definite 
boundaries ; thus the prairie-laud west of the Missouri slowly and 
inperce[)tibly ascends until it becomes a vjist plateau from 4000 to 5000 
feet above the sea. Occa.sionaIly a high Uhle-land is encircled with lofty 
mouiitiiins, as in those of Quito and Titicaca among the Andes, and that 
of the heart of Asia ; or it forms in itself the platform on which lines of 
mountains stand, as in North America, where the ranges included within 
the Rocky Mountains reacli elevations of from 10,000 to 14,000 feet above 
the sea, but no more than from 5000 io 10,000 feet above the table-land. 

Two typos of table land structure may bo ob.served. 1. Table-lands 
consisting of level or gently undulated sheets of rock, the general surface 
of tho country corresponding with that of the stratification. Tho Rocky 
Mountain plateau is an example of this type, wliich may l)e called that of 
Deposit, for the flat strata have been equably upraised nearly in the 
position in which they were deposited. 2. Table lands formed out of 
contorted, crystalline, or other rocks, which have been planed down by 
superficial agents. This type, where the external fonn is inde[)endent of 
• 

* Mr. Rankin has well iUu8trat«(l this point. See ' Mo<leni f*slnter",’ vol. Iv. p. 183, 
whence the illustrations in Fig. 1 art*taken. 

* * Sections and Views, illustrativo of Geological Phenomena,’ 1830. *Geol. Observer,' 
p. 646. Excellent models for the graphic and at the same time artistic rendering of 
geological sketches and sections may be found in the admirable illustrations drawn by 
Professor Heim of Enrich in his fork on the ‘Mechanismus der Gehirgabildung,’ and in his 
contiihntioaf to the BeitrUgt zur Oeoloffiteken KarU der Schtmi. 
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geological structure, may he termed that of Erosion. The fjelds of Norway 
are portions of such a table-Jand. In proportion to its antiquity, a plateau 
is trenched by running water into systems of valleys, until in the end it 
may lose its plateau character and pass into the second type of mountain- 
ground above described. This change has largely altered the ancient 
table-lands of the Scottish Highlands and of Scandinavia. 

Pfotns are tracts of lowland (under 1000 feet in height) which skirt 
the sea-board of the continents and stretch inland up the river- valleys. 
The largest plain in the world is that which, beginning in the centre of 
the British Islands, stretches across Europe and Asia. On the west, it is 
bounded by the ancient table-lands of Scandinavia, Scotland, and Wales 
on the one hand, and those of Spain, France, and Germany on the other. 
Most its southern boundary is formed by the vast belt of high ground 
which spreads from Asia Minor to the east of Siberia. Its northern 
mrgm sinks beneath the waters of the Arctic Ocean. This vast recdon is 
mvided into an eastern and we.sterM tract by the low chain of the Ural 
Mountains, south of which its general level sinks, until underneath the 
Cwpian Sea it reaches a depression of about 3000 feet below sea-level 
Along the eastern sea board of America lies a broad belt of low plains’ 
which attain their greatest dimensions in the regions watered by the 
larger rivers. Thus they cover thousands of square miles on the north 
aide of the Gulf of Me.xico, and extend for hundreds of miles up the valley 
of the Mississippi. Almost the whole of the valleys of the Orinoco 
Amazon, and ha Plata is occupied with vast plains. 

From the evidence of upraised marine shells, it is certain that large 
portions of the great plain of the Old World comparatively recently formed 
port of the soa-floor. On the other hand, the beds of some enclosed 
sea-basins, such as that of the North Se<i, have at no very remote date 
been plains of the dry land. 

It is obvious, from their distribution along river-valleys, and on the 
areas between the base of high groumls and the sea, that plains are 
Msentially areas of deposit They arc the tracts that have received the 
detritus washed down from the slopes above them, whether that detritus 
has .originally accumulated on the land or below the sea. Their surface 
pr^ents everywhere loose sjindy, gravelly, or clayey formations, indicative 
of Its comparatively recent subjection to the operation of running water. 

(2) Coast lines.-— A mere inspection of a map of the globe brings 
before the mind the striking differences which the mjisses of land present 
in their line of junction with the sea. As a rule, the southern continents 
possess a more uniform unindented cojist line than the northern. It has 
been estimated that the ratios between area and coast-line among the 
different continents stand approximately as in the following table from 
R Reclus ; — o V' 


f has 1 kilometre of coast 
Northern | North America , , 

I Asia 


/ Africa 
n-^S 


SonthernI South America 
I Australia 


line tof289 square kilometres of surface. 
407 
763 
1420 
685 
534 
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It will be aeen that Europe is the continent most abundantly pene- 
trated by indentations of the sea. Some portions of it are specially 
remarkable in this respect, particularly Scandinavia in the north and 
Greece and Turkey in the south. Beference to the njap will show also 
that in the American continent a remarkable increase in the proportion 
of coast-line to area is traceable both towards the extreme north and 
extreme south. This increase is particularly marked south of lat. 40“ S. 

In estimating the relative potency of the sea and of the atmospheric 
agents of disintegration, in the task of wearing down the land, it is 
evidently of great importance to take into account the amount of surface 
respectively exposed to their operations. Other things being equal, there 
is relatively more marine erosion in Europe thafi in North America. But 
we require also to consider the nature of the coastline, w'hether ^ and 
alluvial, or steep and rocky, or with some intermediate blending of these 
two characters. By attending to this point, we are soon led to observe 
such great differences in the character of coast lines, and such an obvious 
relation to differences of geological structure, on the one hand, and to 
diversities in the removal or deposit of material, on the other, as to 
suggest that the present coast lines of the globe cannot be aboriginal, but 
must be referred to the operation of geological agents still at work. 
This inference is amply sustained by more detailed investigation. 
While the general distribution of land and water and the main trend 
of the lines of ‘junction between them mu.st undoubtedly be assigned to 
terrestrial movements affecting the solid globe, the <letails of the present 
actual coasts of the land have evidently l>ecn chiefly produc.ed by local 
and especially superficial causes. The most effective of these cau.ses has 
been the influence of the various agents of denudation. In general it 
may be said that headlands project from the land because they consist 
of rock which has been better able to withstand the shock of the breakers, 
and that, on the other hand, bays and crcek.s have been cut out of less 
durable material, which offered a feebler re.sistance to the inroads of the 
sea. A ’highly important influence on the form of the coast has been 
exerted by movements of elevation and depressioji. By the sinking of 
land, ranges of hills have become capes and headlands, while the valleys 
have passed into the condition of bays, inlets, or fjords. By the uprise 
of the sea-bottom, tracts of low alluvial ground have been added to the 
land. Again, for many hundreds of miles both in the old arid new worlds 
the coa8^1ine has been altered by the deposition of long bars of sisdiment. 
These bars, so conspicuous, for example, in Europe from Arjtwerp to the 
Scager Rack, all along the south coast of Iceland, and in the United 
States from the Florida Channel to New Jersey, keep back the sea from 
encrcH^ching on the land, so that where the supply of sediment compensates 
for what is swept away by the waves and currents from the bars, the 
coast inside may remain for f long periwl with hardly any change, or may 
even grow out into the protected water of the lagoons. It is thus 
evident that speculations as to the history of the elevation of the land, 
based merely upon infervees from the form of coast-lines as expressed 
upon ordinary maps, caA hardly be of much real service. To make them 
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worthy of consideration demands a careful scrutiny of the actual coast- 
lines, and an amount of geologicsl investigation which would require long 
and patient toil for its accomplishment. 

Passing from the mere external form of the land to the composition 
and structure of its materials, we may begin by considering the general 
density of the entire globe, computed from observations and compared 
with that of the outer and accessible portion of the planet. Reference 
has already been made to the comparative density of the earth among 
the other members of the solar system. In inquiries regarding the 
history of our globe, the density of the whole mass of the planet, as 
compared with water — the standard to which the specific gravities of 
terre^rial bodies are referred — is a question of prime importance. 
Various methods have been employed for determining the earth’s 
density. The deflection of the plumb-line on either side of a mountain 
of known structure and density, the time of oscillation of the pendulum 
at great heights, at the sea-level, and in deep mines, and the comparative 
force of gravitation as measured by the torsion balance, have each been 
tried with the following various resjilts : — 


Plumb-line experiments on Schichallien (Maskelyno ami 

Playfair) 

gave as the mean density of the earth . 

. 4713 

Do. on Arthur’s Seat, Edinburgh (Janies) . 

. 5-316 

Pendulum experiments on Mont Cenis (Carlini and (Imho) 

. 4-950 

Do. in Hartoii coal jut, Newcastle (Airy) . 

6 -.565 

Torsion balance ox|)eriinent9 (Cavendish, 17PR) 

5-480 

Do. do, (Reich, 1838) 

5-49 -5-58 

Do, do. (fhrily, 1843) 

5-660 

Do. do. ((’ormi and Haille, 1870) 

5-56 5 .'>0 

Common balance (von Jolly, 1870-80) 

5 •602 

Do. do. (J. ir. Poynting, 1878 90) . 

. 5-403 

Pendulum balance (llilsing, 1886-88) 

5-594 5-577 

Improved torsion balance (C. V. Hoys) 

6-5270 

Double balance (Richard and Kiigar-Mciizel, 1884-03) 

. 5-505 

Torsion (Hrann, 1892-01) . 

. 5-520 5-531 

Pendulum ((!. R. rntimm, 1895) 

5-63 


Though these observations are somewhat discrepant, we may feel 
aatisfied that the globe has a mean density neither much more nor much 
less than h fi ; that is to say, it is five and a half times heavier than one 
of the same dimensions formed of pure w^ater. Now the average density 
of the materials which compose the accessible portions of the earth is 
between 2*5 and 3 ; so that the mean density of the whole globe is about 
twice as much as that of its outer [>art. We may, therefore, infer that 
the inside consists of heavier materials than the outside, and consequently 
that the mass of the planet must contain at least two dissimilar portions 
— an exterior lighter crust or rind, and an interior heavier nucleus. ‘ 

* The imporUnce of obUiniitg uunierous pendulum observations for geological as well aa 
gsodetical purposes is now being realiseil. See Mr. Putij^m’s pa{)er, “ Results of a Trans* 
oontinentAl Series of Gravity Measurements," with notes by^r. O. K. Gilber^ BvU. Phil, 
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§ 2, The Crust. — It was formerly the prevalent belief that the exterior 
and interior of the globe differ from each other to such an extent that, 
while the outer parts are cool and solid, the vastly more enormous inner 
intensely hot part is more or less completely liquid. Hence the term 
“crust” was applied to the external rind in the usual sense of that 
word. This crust was variously comptited to be ten, fifteen, twenty, 
or more miles in thickness. In 
the accompanying diagram (Fig. 

3), for example, the thick line 
forming the circle represents a 
relative thickness of 100 miles. 

There are .so many proofs of 
enormous and widespread cor- 
rugation of the materials of the 
ojirth’s outer layers, and siich 
abundant traces of former vol- 
canic action, that geologists have 
naturally regarded the doctrine 
of a thin crust over a li(juid 
interior as necessary for the ex- 
planation of a largo class of Uu'res- 
trial phenomena. I'his doctrine, 
as will be afterwards more fully 
explained, has been oppo.sed 
by eminent physicists, and was reluctantly abandoned by most geologists. 
Nevorthele,ss, the term “crust” has continued to be used, apart from all 
theory regarding the nucleus, as a convenient word to denote those 
cool, solid upper or outer layers of the earth’s mass in the stnicture and 
history of which, as the only portions of the jilanct a<‘CC8sible to human 
oKservation, lie the chief materials of geological investigation. The 
tendency of the most recent reconsideration of the question from the 
physical side is rather to sustain the idea that the “ crust ” really does 
represent an external solid shell enclosing a partly li<iuid, fwirtly 
gaseous interior. This subject is discu.s.se<l at p. fi.'), while the chemical 
and mineral constitution of the crust is fully treateil in Part II. of 
this Book. 

§ 3. The Interior or Nucleus. — Though the mere outside skin of 
our planet is all with which direct acquaintance can be expected, the 
irregular distribution of materials beneath the crust may be inferred 
from the present distribution of land and water, and the observed 
differences in the amount of deflection of the plumb-line near the sea and 
near mountain-chains. The fact that the southern hemisphere is almost 
wholly covered with water, appears only explicable, as already remarked, 
on the assumption of an excew of density in the mass of that half of the 
planet The existence of such a vast sheet of water as that of the Pacific 

^Soc. Washington, xiiL pp. 31-76 ; and also Rev. O. Fiaher, Phil. Mat/, for .July 1886, and 
xxxvil. (1894), p. 876, also hi* ‘Ptyaica of the Earth# Crwt,’ chap. xv. ; and the r>«P«r by 
Major Burr^fd, cited anit, p. 80. 
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Ocean is to be accounted for, says Archdeacon Pratt^ by the presence of 
“ some excess of matter in the solid parts of the earth between the Pacific 
Ocean and the earth’s centre, which retains the water in its place, other- 
wise the ocean would flow away to the other parts of the earth.”' The • 
same writer points out that a deflection of the plumb-line towards the sea, 
which has in a number of cases been observed, indicates that “ the density 
of the crust beneath the mountains must be less than that below the plains, 
and still less than that below the ocean-bed.” Apart, therefore, from 
the depressions of the earth’s surface, in which the oceans lie, we must 
regard the internal density, whether of crust or nucleus, to be somewhat 
irregularly arranged, — there being an excess of heavy materials in the 
w^ter-hemisphere and beneath the ocean-beds as compared with the 
contl^ntal masses. 

As already stated, it has been argued from the difference between 
the specific gravity of the whole globe and that of the crust, that the 
interior must consist of heavier material, and may be metallic. The 
effect of the enormous internal pressure might be supposed to make 
the density of the nucleus much higher, even if the interior consisted 
of matter which, on the surface, would be no heavier than that of 
the crust, and an argument might be maintained for the probable 
comparative lightness of the substance composing the nucleus. That 
the total density of the planet does not greatly exceed its observed 
amount, may indicate that some antagonistic force counterficts the 
eftect of pressure. The only force we can suppose capable of so 
acting is heat. It must be admitted that we have still much to learn 
respecting the laws that regulate the compression of solids, liquids, 
and gases under such vast pre.ssuros as must exist within the earth’s 
interior. Even with the comparatively feeble pressures attainable in 
our physical laboratories, gases and vapours can be compressed into 
liquids, sometimes oven into solids, and in the liquid condition another 
law of compressibility appeans to begin. We know also from experiment 
that some substances have their melting-point raised by pressure.* It 
may be argued that the same effect takes place within the earth ; that 
pressure increasing inward to the centre of the globe, while augment- 
ing the density of each successive shell, may retain the whole in a 
practically solid condition, yet at temperatures far above the normal 
melting-points at the surface. The difference between the density of 
the whole globe and that of the crust might on this view of the 
subject be due to pressure, rather than to any essential difference of 
composition. Laplace proposed the hypothesis that the increase of the 
squim of the density is proportional to the increase of the pressure, 
which gives a density of 8-23 at half the terrestrial radius* and of 

’ ‘Figure of the Earth,' 4th edit. p. 236. 

* Op. fit. p. 200. See also Herschel, ‘Phys. G«og.’ § 18. 0. Fisher, (hmbridge Phil. 
Trans, xii. part ii. ; ‘ Physics of the Earth’s Crust,’ p. 124 ; and Phil. Mag. July 1886. Faye, 
Omptea rerulas^ cii. (1886), p. 651. 

* Under a pressure of 792 atmospheres, spermaceti hts its meiting-point raised fnm 51* 

to 80 2*, and wax from 64*6* to 80*2". * 
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10’74 at the centre. From another law proposefl by Professor Darwin, 
the density at half the radius is only 7*4, but thence towards the 
centre increases rapidly up to infinity.' Dr. Pfaff has stated that 
the mean terrestrial density of 5 5 may not be incompatible with 
the notion that the whole globe consi-sts of materials of the same 
density as the rocks of the crust.“ The following table by Mr. R. S. 
Woodward combines the calculations as to the distribution of density 
and pressure between the earth’s surface and centre : — 


Variation of Tehrestrial Density, tJRAviTY, ano PiossiuiE 

ACCORDINO TO THE LaPLACIAN LaW. 


Depth in 
Allies. 

Density. 

Accelfiation of 
Gravity 

Atiiios)«h*Te«. 

" 

rroasure in ruiiiKU 
jM'r s<)iiaii> Inch ^ 

0 

2-76 

1 'OOOOg 

1 

15 

1 



400 

6,000 

2 



800 

1'2.000 

3 



1,210 

18,150 

4 



1,6‘2() 

24,300 

5 

2’76 

1 -oobeg 

•2,020 

30.300 

10 

278 

lOOI'ig 

4.200 

63.000 

15 

279 

1 001 8g 

6,39(1 

95,8.50 

20 

2 '81 ! 

1 •002lg 

8,600 

1-29,000 

50 

2-89 

I OOOOg 

22,000 

.5;j0.000 

100 

3 '03 

1 -on 6g 

4.';,. '100 

679,500 

500 

i'18 ’ 

1 -o.'lJOg 

236.000 

.'4, .5 40,000 

560 

4 "16 

1 0389g 

318,000 

4,770.000 

610 

1 -50 

I •0392g» 

3.54.000 

.5, 110,000 

C60 

-1 6.') 

1 ():i89g 

391,000 

5,865,000 

1000 

5-83 

1 -0225" 

67'2.0()(t 

10,080,000 

2000 

8-23 

0'831'2g 

1,700,000 

•25. .500, 000 

3000 

10-12 

0-456rg 

2,640,000 

39.600,0(*0 

3950 

1074 

0 OOOOg 

5.000,000 

1.5,000,000 


Analogies in the solar system, as w'cll as the actual structure of the 
rocky crust of the globe, suggest that heavier metallic ingredients jxissibly 
predominate in the nucleus. If the materials of the globe were once in 
a liquid condition, they would then doubtless be subject to internal 
arrangement in accordance with their relative specific gravities. We may 
conceive that there w'ould be, so long as intirrnal mobility lasted, a tendency 
in the denser elements of our planet to gravitate towards the centre, in 
the lighter to accumulate outside. That a distribution of this nature has 
certainly taken place to some extent, is evident from the structure of the 
envelopes and crust. It is what might be expected, if the constitution of 

* See the calcuUtions and comparison of the two laws given hy tlie Hev. O.^Tisher, 
Phy.sio^of the Earth's Crust,’ 2nd edit. chap. ii. I.<egeiidrc supposed that the density being 

2 6 at the surface,' it is 8‘5 at half the length of the ra<Iius and 11*3 at the centre. More 
r®c«ntly E. Roche calculatMi these d^isities to be 21, 8’6, and 10 6 resiiectively. 

^ ‘ .iUgenteine Oeologie ids ezacte Wissen^haft,’ p. 42. 

* This is the maximum value, and the corresponding depth, 610 miles, is the depth at 
which a given mass would have the greatest weight. Attn. JR^p. U.S. Oeol. ^SurtKp, 
1804, p. 208. See also Mr. C. S. Sbhlichter, " Note on the Pressure within the Earth," Joum. 
OtoL vL (1818), p. 65. 



GEOGNOSY 


BOOK n 


■— " •< r ’~~ 

the globe resembles, on a small scale, the larger planetary system of 
which it forms a part. But before proceeding further in the discussion of 
the probable nature and condition of the interior, we may with advantage 
consider the evidence that is available from actual observation regarding 
the temperature of that interior. 

Evidence of Internal Heat. — In the evidence obtainable as to the 
former history of the earth, no fact is of more importance than the existence 
of a high temperature beneath the crust, which has now been placed 
beyond all doubt. This feature of the planet’s organisation is made clear 
by the following proofs : — ^ 

(1) VolMnoen . — In many regions of the earth’s surface, openings exist 
fjpm which steam and hot vapours, ashes and streams of molten rock, are 
fro^lSimo to time emitted. The abundance and wide diffusion of these 
openings, inexplicable by any mere local causes, must be regarded as 
indicative of a very high internal temperature. If to the still active vents 
of eruption we add tho.se which have formerly been the channels of 
communication between the interior and the surface, there are perhaps 
few large regions of the globe where proofs of volcanic action cannot be 
found. Everywhere we meet with masses of molten rock which have 
risen from below, as if from some general reservoir. The phenomena of 
active volcanoes are fully (liscus.sed in Book III. Part I. 

(2) Hot springs. — Where volcanic eruptions have ceased, evidence of a 
high internal temperature is still often to be found in springs of' hot water 
which continue for centuries to maintiiin their heat. Thermal springs, 
however, are not confined to volcanic districts. They sometimes rise even 
in regions many hundreds of miles distafit from any active volcanic 
vent. The hot springs of Bath (temp. 120’ Fahr.) and Buxton (temp, 
82” Fahr.) in Knglarul are fully 900 miles from the Icelandic volcanoes 
on the one side, and 1100 miles from those of Italy and Sicily on the 
other. 

(3) Boi'ing,% Wells, Mines, ami Deep Tvnnels. — The infiiionce of the 
seasonal changes of temperature extends downward from the surface to a 
depth which varies with latitude, with the thermal conductivity of soil and 
rocks, and perhaps with other cau.Ses. The cold of winter and the heat 
of summer may be regarded as following each other in successive waves 
downward, until they disapjwar along a limit at which the temperature 
remains constant. This zone of invariable temperature is commonly 
believed to lie at a de|)th of somewhere between 60 and 80 feet in tem- 
perate regions. At Yakutsk in Eastern Siberia (lat 62” N.), however, 
as shown in a well-sinking, the soil is permanently frozen to a depth of 
rather more than 600 feet, whore fluid water is reached.* In Java, on 


* A Jo<h 1 general account of tliis subject will be found in E, Dunker’s ‘f)eber die 
Wkrme im Inneren der Erde,’ Stuttgart, 1896, pp. x, Jl’A The author supplies information 
regarding the most injportant borings and mine observations up to the time of his writing. 
Another u.seful digest of the facts will be found in GUnther’s ‘ Handbuch der Geophysik,’ 
2nd edit. voL i. pp. 328-343. 

Von Middendorflf, ‘Ruise in den kussersten Narden und Osteu Sibiriens,* St. 
Petersburg, 1848. Helmersen, HrU. Assoc. Rep. 1871, p.* 22. See vol. for <886, p. 271. 
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the other hand, a constant temperature is said to be met with at a deptl] 
of only 2 or 3 feet.^ 

It is a remarkable fact, now verified by observation all over the world, 
that below the limit of the influence of ordinary seasonal changes the 
' temperature, so far as we yet know, is nowhere found to diminish down- 
wards. It always rises; and its rate of increment seldom Ms much 
below a general average. The most exceptional cases occur under circum- 
stances not difficult of explanation. On the one hand, the neighbourhood 
of hot-springs, of large masses of lava, or of other manifestations of 
volcanic activity, may raise the subterranean tem])erature much above its 
normal condition ; and this augmentation may not disappear for many 
thousand years after the volcanic activity has wliolly ceased, since thj^ 
cooling down of a subterranean mass of lava must necessarily be ^^fery 
slow process. Lord Kelvin has even proposed to estimate the age of sub- 
terranean masses of intrusive lava fiom their excess of temperature above 
the normal amount for their isogeotherms (line.s of eipial earth tem- 
perature), some probable initial temperature and rate ot cooling being 
assumed. On the other hand, the spread of a thick mas.s of snow and ice 
over any considerable area of the earth’s surf.iee, and its continuance 
there for several thousand years, would so dcjiress the isogeotherms that, 
for many centuries afterward.s, tlicro would be a fall of temperature for a 
certidn distance downward.s. At the pifsent day, in the more northerly 
parts of the northern hemisphere, there are such eviihuices of a former 
more rigorous climate, as in the wcll-siiiking at Yakutsk just reterred 
to.® A line, north of which the ground beneath the surface is permanently 
frozen, can bo traced across Northern Russia by d’obolsk to 'romsk, thence 
•eastwanl by Lake Ikiikal to the Sea of Okhotsk, and aero.s.s Alaska and 
Canada south of tlie Croat Slave Lake and Lake Winnipeg to the eastern 
coast of Labrador^" Lord Kelvin has e^dculated that any considerable 
area of the earth’s surface covered for several thousand years by snow or 
ice, and retaining, after the disappearance of that frozen rovering, an 
average sjurface temperature of I‘L C., “would during 900 years show a 
decreasing temperature for some depth down from the surface, and .'iCOO 
years after the clearing away of the ice would still show lesidual elfect of 
the ancient cold, in a half rate of augmentation of temperature downwards 
in the upper strata, gradually increasing to the whole normal rate, which 
would be sensibly reached at a depth of 600 metres.” * 

This exceptional depth of frozen soil is probably connected with the former ■•ontiimaiice of 
the Ice Age referred to in the next paragraph. 

* Juughuhu’e 'Java,' ii. p. 771. 

* Professor Prestwich {Inaugural I.^clure^ 1875, p. 45) suggested that to the more rapid 
refrigeration of the eaith's surface during this cold period, and to the consequent depression 
of the stbterranean isothermal lines, the alleged present comparative quietude of the volcanic 
forces is to be attributed, the internal heat not having yet recovered its dominion in the outer 
crust. See his ‘Collected Papers on^some Coutro\ert«<l Questions in Geology,’ jj. 159 ; also 
Mr. C. D.ivison, QtcA. Mag. 1895, p. 356 ; and Rev. 0. Fisher, Phil Mng, July 1899, p. 134 ; 
Harboe, Z. D. O. G. 1. (1898), p. 441, aiidli. (1899), pp. 322, 626. 

* Peschel-Leipoldt, ‘ Phyaisch^ Erdkunde,' Leipzig, 1879, Band i. p. 186. 

^ Brit. ^$9oc. Report*, 187^,*8ection8, p. 8. 





Beneftth the limit to which the influence of the changes of the sealohs 
extends, observations all over the globe, and at many different elevations, 
give an increase of temperature downwards, or “ temperature gradient,” 
the computation of its rate being based especially on observations in deep 
mines and borings. Professor Prestwich concluded, from a large series of 
observations collated by him, that the average increment might be 1^ 
Fahr. for every 47 5 feet.^ Observations taken in the extraordinarily 
deep boring at Schladebach, near Diirrenberg, showed that in a depth 
of 6736 feet the average rise of temperature was T Fahr. for every 65 
feet.2 According to data collected by a Committee of the British 
Association, the average gradient appears to })e r Fahr. for every 64 
feet, or g^th of a degree per foot. 

^'^I^otherms near the surface follow approximately the contours of 
the surface but are flatter than these, and “their flattening increases as 
we pass to lower ones, until at a considerable depth they become sensibly 
horizontal planes. The temperature gradient is consequently steepest 
lieneath gorges and least steep beneath ridges.’’ » 

While there is everywhere a progressive increase of temperature 
downwards, its rate is by no means uniform. In the frozen soil of 
Yakutak the increase amounted to as much as T Fahr. for every 28 feet.« 

t p recorded appears to be that 

reported by Professor A. Agassiz, from Calumet, Michigan, where, down 
to a depth of 471- feet, the rate of augmentation was found to be on an 

twTh o’^ervations 

which have been made in recent years have likewise brought to lieht the 

important fact that considerable variations in the rate of increase take ' 

dotlTt. jJ**® “"1® The temperatures obtained at different* 

depths 111 the Rose Bridge colliery shaft, Wigan, for instance, read as in 
the following columns 


• Roy. Hoc, xli. (1885), p, 56. ^ ™ ’ 

J v I'lulcrgrouud Temperature Committee.’' 

J. D. Everett, BrU. JUp. 1879, Sections, p. 345. Compare also the elaborate ob- 
« v.Uo.., « m the Sh Golh.rd Tunnel, F. Stapff, • R.p,H,rl., Conaeil FW. St. OoulL ' 

vol. yU .,nnd Oeo eg, «he Dureheehnitte dee Gother, I Tunnels ' ; - feude de ITnauence de 
1. C^teur de f Interieur de In Tern,.” ete., Hnu. Uni.. MinJ, 187S.80. Mi^ pZ ^ 

“Koports of Committee on 

Underground Tempmture, Brit. Anmx. Mr,, from 1868 onwards, with snAmary of iwulte 
in Ae volume for 1882. A voluminous snd valuable collection of daU boarL on this 
mibject wmi oompiW by Profes«.r Preslwieh and puhlishml In Proa fto. *e. 

of tho wnd^tMtJ of i^Ci« yie SfcmvT7) ^ ^ 

• AtMT. Joum. Sci. Dec. 1896. ^ 




Depth in 
Tude. 
<734 
746 
781 
775 


• TMnpmtan 
(fthr.) 

. 88i 

. 89 

90i^ 

. 91i 


Depth in 
Tardi. 
783 
800 
806 
815 


Temperature 

(Fahr.) 

92 

93 

. 93i 

94 


At La Chapelle, in an important well made’ for the water supply of 
Paris, observations have been taken of the temperature at diHerent 
depths, as shown in the subjoined table : — * 


Depth ia 

Temperature 

Depth tn 

Temperaturt 

Metree. 

(Fahr.) 

Metreu. 

(Vehr.) 

100 

59‘5 , 

600 

72-6 

200 

61-8 i 

600 

7.V^ 

300 

. 66-5 j 

660 

76*0 

400 

69-0 1 




In drawing attention to the foregoing temperature-observations at the 
Rose Bridge colliery — the deepest mine in (Jreat Britjiin — Piofessor 
Everett points out that, assuming the surface temperature to he 49*’ 
Fahr., in the first 5, '58 yards the rate of rise of temperatuie is 1’ for 57’7 
feet; in the next 257 yards it is 1° in 48’2 feet; in the portion between 
605 and 671 yards — a distance of only 198 feet— it is 1“ in 33 feet; in 
the lowest portion of 432 feet it is T in 54 feet.’^ When such irregu- 
larities occur in the same vertical shaft, it is not surprising that the 
average should vary so much in different places. 

There can be little doubt that one cause of these variations is to be 
sought in the different thermal conductivities of tlio rocks of the earth’s 
crust. The first accurate measurements of the conducting powers of 
rocks w'ere made by the late J. 1). Forbes at Edinburgh (1837-45). 

He selected three sites for his thermometcris, one in “ trap-rock ” (an 
andesite of Lower Carboniferous age), one in loose sand, and one in sand- 
stone, each set of instruments being sunk to depths of 3, 6, 12, and 24 
French feet from the surface, lie found that tlie wave of summer heat 
reached the bulb of the deepest instrument (24 feet) on 4th rfanuury in 
the trap-rock, on 25th December in the sand, and on 3rd November in 
the sandstone, the trap-rock being the worst eonductor and the solid 
sandstone by far the best.^ 

As a rule, the lighter and more porous rocks offer the greatest resist- 
ance to the passage of heat, while the ra(jre dense and crystalline offer 
the least resistance. The resistance of opaque white quartz is expressed 
by the number 114, that of basalt stands at 273, while that of cannel 
coal stands very much higher at 1538, or more than thirteen times that 
o£ quar^z.^ 

^ Brii. Jssoc. Rep. 1873, Sections, p. 264. 

• /Wrf. 1870, Sections, p. 31. a paper by Professor Bollas, GeoL Mag. 1901, 

J? 602. 

• Trane. Ray. Soe, Edin. xvi. p, 211. 

• Hertchel and Lebour (British Association Cominittee on Tbennal Conductivities of- * 
Bocks), Bnt.JL8$oe, Rep. 1876,. p.* 69. The Onal Report is in the vol. tor 1881. 
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It is evident, also, from the texture and stiiicture of most rocks, that 
the conductivity must vary in different directions through the same mass, 
heat being more easily conducted along than across the “grain,'* the 
bedding, and the other numerous divisional surfaces. Experiments have 
been made to determine these variations in a number of rocks. Thus, 
the conductivity in a direction transverse to the divisional planes being 
taken as unity, the conductivity parallel with these planes was found in 
a variety of magnesian schist to be 4 ‘028. In certain slates and schistose 
rocks from Central France, the ratio varied from 1:256 to 1 : 3 952 
Hence, in such fissile rocks as slate and mica-schist, heat may travel four 
times more e^ily along the planes of cleavage or foliation than across 

reasoning upon the discrepancies in the rate of increase of sub- 
terranean temperatures, we must also bear in mind that convection by 
percolating streams of water must materially affect the transference of 
heat from below.’-* Certain kinds of rock are more liable than others to 
be charged with water, and in almost every boring or shaft one or more 
horizons of such water-bearing rocks are met with. The effect of 
interstitial water is to diminish thermal resistance. Dry red brick has 
its resistance lowered from 680 to 405 by being thoroughly soaked in 
water, its conductivity being thus increased 68 per cent. A piece of 
sandstone has its conductivity heightened to the extent of 8 per cent by 
being wetted.^ 

Mallet contended that the variations in the amount of increase in 


subterranean temperature are too great to permit us to belie Ve them to 
be due merely to differences in the tran8mi.s.sion of the general internal 
heat, and that they point to local accessions of heat arising from trans- 
formation of the mechanical work of compression, which is due to the 
constant cooling and contraction of the globe.* Hut while the cause 
adduced by him may undoubtedly be effective, we may nevertheless hold 
that the observed variations do not appear to be greater than, from the 
known diversities in the conductivities of rocks and the influcujce of cir- 


culating 'water, they might fairly be expected to be. 

While* it may be affirmed that within the superficial part of the 
terrestrial crust, as far down as it has been pierced, a general rise of tem- 
perature amounting to I Fahr. for every 50 or 60 feet of descent has 


1 “Report of Counnittee on Thermal Comluclhitles of Rock,” Bfit, Assoc. Rrp. 1876, 
ji. 61. Janaettaz, B, S. U. F. (April-Jnae, 1874), ii, p. 264. ThU ohsciverhaa CHiried 
out a series of detailed researches on the proi>agation of heat through rocks, which will 
be found iu B. S. O. F., tomes i.-ix. (8rd series). See also the paper by Lord Kelvin 
and Mr. Erskiue Murray, “Ou the Temperature Variation of the Thermal Conductivity 
of Rocks ” (iVhfwre, Hi. 1896, p. 182), where a series of experimeuta is recorded, having for 
their object, to find the temperature variation of thermal conductivity of slate and'^granite. 
The results arrived at were questioned by Professor R. Weber, (y. cit. p, 468. 

In the great bore of Sperenberg (4172 feet, entir^y iu rock-salt, except the first 288 
feet) there is evidence that the water near the top is warmed 44“ Fahr. by convection! 
Brit. Assoc. Rep. 1882, p. 78. 

’ Herschel and Lebour, BrU. Assoc. Rep. 1875, p. 68^, 

* “Volcanic Energy,” Phil. Trans. 1876. 
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been definitely proved, it by no means follows that this rate continues 
inward to the centre of the earth. Lord Kelvin, indeed, has computed 
that if the nite of increase of teni|x*mlure is taken to be V for every M 
feet for the fii-st 10(J,0(i0 feet, it will begin to /limini.sh below that limit, 
lieiiig only 1 in f(*et at 800,000 feet, and then rapidly lessening.^ 

Probable Condition of the Karth's Interior. — Various theories 
have lieeii projKmnded on this subject. There are only three ’which 
merit scriou.s consideration. (1) One of these sup|X)ses the planet *o 
consist of a solid crust and a molten inUaior. (2) The second holds 
.hat, with the e.’cception of local vesicular sjiace.s, the globe is soliil and 
igid to the centre. (.1) The third contends that honeath the crust and 
the mollon magma that underlies it, the interior is mainly tilled with • 
under enormous pressure ami high temjierature, ami tliat from this gjJiams 
nucleii.s a perfect gradation exists into the .solid, rigid rock that forms 
the crust. 

1 . n r tinjuniciifs in Jdanii nj inh'iiml lii/iudtfy may be .summed upas 
tollows. — (a) The a-scertained rise of temperatun* inwards from the 
surface is such that, at a ver\ im»derate depth, the ordinary melting- 
point of even the most rernictory siib.stances wmild he reached. At 20 
niile.s the tenijierature, if it increases progressively, as it does in the 
depths accessilile to ol>.ser\ation, must lie about 1700' Fahr. ; at 51) miles 
it must he 1600 , or far higher than the fusing jioint even of so stubborn 
u metal as platinum, which melts at 3080'' Kahr. (I>) All over the w'orld 
volcanoes e.M''t from winch steam and torrents of molten lava are from 
time to time erupted. Abundant as arc the active volcanic vents, they 
form hut a .small projtortiou of the whole which have been in operation 
since early geological time. It has been infencd, theiefore, that these 
numerous funnel.s of comrnunieation with the licated inleiKu- could not 
have e.\istcd and poured forth such a vast, amount of molten rock, unless 
they drew their supplies from an immense iiitcinal molten nucleus, (r) 
When the products of volcanic action fioin different and widely scparateil 
regions are compared and analysed, they are found to c.xhibii a general 
uniformity of character. Lavas from Vesuviu^, fiom lleela, from the 
Andes, from dapan, and from New Zealand present .smh an agree- 
ment in essential particulars as, it is coMtemlcii, can only be accounted 
for on the supposition that they liave all emanated from omj va.st 
common source.- {d) The abundant eartlnpiake shocks wliicli afl’ect 
large aroiw of the globe are maintained to be ine.vplicable unless on 
the supposition of the e.xistence of a thin and Mimewhat Hexihle crust. 
('’) The universal proofs that the sea floor ha.s been elevated into land, 
and that thick marine sedimentary formations have been folded, crumpled, 
and pushed over each other, arc regarded as evidence- that such a enwt 
exists, that it is of no great thickne.s.s, ami that it re.sts ujxjn a viscons or 
liquid interior. * • 

' Twh-v. Hi’!/, jW. /u/iJi. xxnt. j.. l(ja. 

'■* See D. Forlifs, Populoi- ,Sci(ncf Iti-mi'-, I'-St'. 

^ Tbe .'trgiiments foracompHrnt^eiy tliiti crust u -tin;* ou \ivf>ii> oi hqnul miiteii.'il below 
are fnllj- glv^» by the late Sir .Joseph Prestwnli m Ins p.q^er read to the IloyaJ Society 

VOL. I j 









These arguments, it wiJl be observed, are inferences^drawm from 
observations of the present constitution of the globe. They are based on 
geological data, and have been frequently and strongly urged by geologists 
as supporting the only view of the nature of the earth’s interior supposed 
by them to be compatible with geological evidence. Before the question 
was attacked on physical gi*oiin<l8, geologists were generally in the habit 
of believing that the crust of the earth was a mere thin shell which from 
time to time, owing to the diminution of volume caused by cooling 
and contraction, 8ottle<l down upon the nucleus and adjusted itself to the 
loss of superficies by undergoing such plication as is more especially 
conspicuous in the structure of mountains ; that the vast mass of the 
t^jj^rior was' in an intensely hot and even molten condition ; and that by 
tltJK tructure the geological phenomena above referred to received tlieir 
simplest explanation. When the physicists brought forward and pressed 
their deductions us to the rigidity of the earth, their arguments appeared 
so weighty that many geologists, with some reluctance, accepted them, 
though they seemed to make the interpretation of the structure of the 
terrestrial crust more difficult than ever. Among the attempts to recoil* 
eile the physical and geological difficulties the most notable wjis made in the 
hypothesis of “a rigid nucleus nearly approaching the size of the whole 
globe, covered by a fluid substratum of no groat thickness, compared with the 
radius, lipou which a crust of lesser density floats in astute of equilibrium.” ^ 
The nucleus was assumed to owe its solidity to “the enormous pressure 
of the superincumbent matter, while the crust owes its solidity to having 
become cool The fluid substratum is not under sufficient pressure to he 
rendered solid, and is sufficiently hot to be fluid, being probably more 
viscous ill its lower portion through pressure, and likewise passing into a 
viscous state in its upper [mrts through cooling, until it joins the crust.”* 
The contraction ami consolidfvtion of this substratum were assumed os the 
explanation of the plication which the crust has certainly undergone. 

The question has boon attacked with renewed energy from the 
physical side. The conception of an outer thin terrestrial shell resting upon 
a liquid or viscous substratum is especially enforced in a modified form by 
Mr. Fisher. Holding that the globe was once probably entirely melted, 


{Prw. Hoy. Sk\ \li, 1888, p. 156), and re|>riut«d in his * Controvertetl Questions in Chjology,’ 
p, 147 ; B«e also his '(leology : Chemical, Physical, and Stratigraphical,’ vol. iii p. 539, It 
should be noteil, however, that the doctrine of internal fluidity was questioned by Lyell. who 
imagined that volcanic action was connected with local tracts of melted matter in the earth’s 
crust which were In some way pro<lac«d or kept up by the passage of an electro- magnetic 
force from the sun to our glolw (‘ Principles of Geology,’ 10th «iit. pp, 211, 232). 

> See Dana in SiHitnan's Journal, iii. (1847), p. 147 ; Amrr. Jonrn. Scu 1873. 
The hypothesis of a fluid substratum baa been advocated by Shaler, Proc. Bost. Nat. 
HitU Soc. xl. (1868), p. 8 ; May. v. p. 611. J Le Conte, Auier. Jouni. 1872^ 
1873. 0. Fisher, May. v. (new series), pp. 291, 651; ‘Physics of the Earth’s 

Crust,’ Ist edit. 1883. Prestwich, ‘Controverted Quciiions in Geology,’ p. 147. Hill, Oeof, 
May. V. (new series), pp. 262, 479. The idea of a viscous layer between the solidifying 
central ma-ssand the crust was present In Hopkins’ mind. Bnt. Assoc. 1848, Reports;, p.-48, 

. See Mr. Fisher’s drat edition of his book, p. 269. The hypothesis, as thus sUted, ww 
afterwards abandoned by him as untenable (2nd edit. 18^, p. 64). 
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he points out that while the argument in fiivotir of rigidity drawn from 
the phenomena of precession has l>een abandoned by the leading physicists, 
that based on the tides is unsatisfactory as proving too much. Ho thinks 
the available evidence points to the existence of a crust which may 
have an average thickness of 25 miles, and that l^eneatii it lies a substratum 
of fused rock |X)88ibly saturated with water-gas far above the critical 
temperature, the compressibihty of which would account for the absence 
of measurable tides in the interior of the planet ami thus remove the 
principal argument for rigidity. He comes to the conclusion that the 
substratum is not an inert mass, but is traversed by convection currents, 
and must therefore he not merely viscous but actually liquid, from time 
to time melting off portions of the overlying crust* 

'2. The ((i'(pmu'nts in favour of the intemaJ soltditif of the ratth are 
on physical and astronomical ctuisiderations, ainl may he arranged as 
follows : — 

(a) Argument fntin precession and nutation - The problem of the 
internal conditi^m of the gl(*be was attacked a.s far hack as the year 1859 
hy Hopkins, who caleulateil how far the planetary motions of precession 
and nuUtion would be influenced by the solidity or liquidity of the earth’s 
interior. He found that the precessional and niitational movements 
eould not |> 08 sibly bo as they an*, if the planet consisted of a central core 
of molten rmk surrounded with a crust of twenty or thirty miles in 
thickness; that the least po.ssible thickness of ermst ermsistent with tlie 
existing movements was from 800 to 1000 miles; and that tlie whole 
might even bo soli<l to the centie, with the exeej)tion of comparatively 
small vesicular spaces filleil with melted rock.'*' 

M. Helaunav*’ threw doubt on Hopkins' views, and suggested that, if 
the interior were a mass of sufHeient viscosity, it might behave as if it 
were a .solid, and thus the phenoinotia of precession and nutation might 
not bo alVected. I/ord Kelvin, who had already arrived at the oomdusion 
that the intei ior of the globe must be solid, and acquiesced generally in 
Hopkins’ conclusions, reniaiked that the hypothesis (»f a viscous and 
quasi-rigid 'interior “ breaks down when tested by a simple calculation 
of the amount of tangential force re<juircd to give to any globular portion 
of the interior mass the precessional and nutatioiial motions which, with 
other physical astronomers, M. Delaunay attributes to the earth as a 
whole.”* He held the earth’s crust down to depths of hundreds of 
kilometres to be capable of lesisting such h tangential stress (amounting 
to nearly ,*Qth of a gramme weight \ier square centimetre) as wouhi 

‘ Op. rU. pp. ' 22 . -11. 178. 

rhj. p. :181 ; 1810 , p. m ; 1842 . p. 43, Jlni 1847 . 

* III a yA}>er on the hypotliesis of the iulerior fliUility of the glolie, Vomptfs rendut, July 
13, 1868 ; (ffit/. Jfirt/ v. ji. ,W7. See If. Ifeiinewiy, Vomptes rfHdu$, Marcii 6, 1871 ; O'enf. 
MOff. vili. p. 216; Nature, xv. p. 78^ 1‘htl. Mug. x\h. Sept, and Oct. 1886, pp. 28.1- 
257 , 328-331. In this paper he adheres to his vk-w that the earth'# interior cannot solid 
to ttie centre, Init coiisiats of a shell iiinde of which liei u ina## of ciscous matter, the whole 
rotating practically as one solid mass. 0. Fi#l»er, • Physics of the Earth's Crust,' 2nd edit 
1889. • ^ Nature, Feb. 1, 1872. 
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with great rapidity draw out of shape any plastic substance which could 
properly be teimed a viscous Huid, and he concluded “ that the rigidity 
of the earth’s interior 8ul)8tance could not lie less than a millionth of the 
rigidity of glass without very sensibly augmenting the lunar nineteen- 
yearly nutation.” ‘ 

In Hopkins’ hypothesis ho assumed the crust to I>c intinitcl}" rigid 
and unyielding, which is not true of any material substance. Lord 
Kelvin Hubse#|uently returning to the problem, in the light of his own 
researches in vortex-motion, found that, while the argument against a 
thin crust and vast lujuid interior is still invincible, the phenomena of 
precession and nutation do not deei.sively settle the question of internal 
j^idity, as Hopkins, and others following him, ha«l believed, though the 
i^a#*semi-annual and lunar fortnightly niiUitions absolutely disprove the 
existence of a thin rigid shell full of liipiid. If the inner suriace of the 
crust or shel'\ were rigorously spherical, the interior mass of supposed 
liijuid could exjieriemr no precessional or nutatiunal iiitlueiice, except in 
so far as, if heterogeneous in composition, it might sutler from exlernal 
attraction due to non-sphericity of its surfaces of ef(ual density. Ibit 
“a very slight deviation of the inner surface of the shell from perfect 
sphericity would suflice, in virtue of the quasi-rigidity due to vortex- 
motion, to hold back the shell from taking sensibly more prt'cession 
than it would gi\(* to the liciuid, and to eau.se the liquid (homogeneous 
or heterogeneous) and the shell to have sensibly the siime precessional 
motion as if the whole constituted one rigid body,” - Tlie problem pre- 
sented by the prece.ssion of a \iseous spheroid has l)een discussed by 
I’rofessor (loorgo Darwin, who arrives at re.sults nearly the same as those 
announced by Lord Kelvin reg.iriling the slight diH'erence between the 
precession of a Huid and a rigid spheroid.' 

It is atHrmed that the assumeil eompaiatively thin crust surround- 
ing a vast liquid interior must, have such perfect rigidity as is possessed 
by no known substance. Tin* tide producing force of thi* moon and 
sun exerts such a strain upon the substance of the globe, that it .seems 
in the highest degree improbable that the planet could maintain its 
shape as it does unless the supposed cru.st were at least 'iCOO or 2o()0 
miles in thickness.^ That the solid mass of the earth must yield to this 
strain is certain, though the amount of deformation is .so slight as to 
have hitherto escaped all attempts to detect it. ‘ Had the rigidity been 
even that of ghuss or of steel, the deformation would prolwibly have been 
by this time observed, and the actual phenomena of precession and 
nutation, a.s well as of the tides, Avould then have been \ery sensibK 
diminished.** The conclusion was thus reached by Lord Kelvin that the 

• Zoc. cit. p. 258. " 

Loril K«lvin, Brit. AAma. Rrp. 1878, iSwtions. p, 5. Tlionni>u iiul T«it, ‘Naturjil 
Pliilosophy,’ 1883, art. 847. ° 

• Phil. Trans. 1879, jMirt ii. p. 464. Nuturr, 2n<l Xu\. 1882. 

< Loril Kelvin, Pi'i>c. Ruy. Sttc. Apnl 1862. 

® Bee Assis'iation Fran^isr /tonr 1’ A ntucr iufnt drs ^ trmrs. p. 281. 

• Lord Kelvin, loi. cit. 
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mass of the earth ** is on the whole more rigid certainly than a continuous 
solid globe of ghiss of the same diaraetor.’* * 

This result has l)een supiwrted by the computations of other physicists 
and mathematicians. Besides those of Professor Darwin, reference may 
here be nnule to the work of Professor S. Newcomb, who, calc\ilating 
the rigidity of the earth from the 427 days' period of the variations of 
latitude, estimated it to be rather above that of steel.- Mr. P. Kudski 
of Odessa afterwards wont over the coniputations in more detail and 
arrivetl at the conclusion that the coefficient of rigidity of the earth is 
nearly twice as great a.s that of st-eel.^ There thus appears to bo no 
eacajie from the deduction that, whatever may be the condition of the 
.substance of the earth’s interior, it behave.s like an extremely 
substance. 

{/>) Argument from the ti(h*s. — The phenomena of the oceanic tides 
.show that the earth acts as a rigid bo<ly, either solid tt> the centre or 
possessing so thick a crust (2500 miles or more) as to give to the planet 
practical .solidity. Lord Kelvin remarks that “were the cni.st of con- 
tinuous steel and 500 kilometres thick, it would yie.ld very nearly as 
much as if it were india-ruliber to the deforming influences of centrifugal 
force and of the sun s and moon’s attmetions.” It would yield, indeed, 
so freely to tluvsc attnretions “that it would simply carry the waters of 
the ocean iij) and down with it, and there would lie no sensible tidal rise 
and fall of water relatively to land.’'^ l'rofe.s.sor Darwin, in a scries of 
{lajicrs, investigated mathematically the bexbly tides of viseous and semi- 
elastic spheroids, atal the <-huracter of the oeean tides on a yielding 
nucleus.’ His results tended to increase the force of Ijord Kelvin’s 
argument, that “no very con.siderahle portion of the interior of the earth 
can even <li»tantly approach the Huid condition,” the etFective rigidity of 
the whoh; globe l»eing very great. Subse<jueritly, bo\\ev<*r, on renewed 
inve.stigation, he came to the conclusion that “it is not |M)ssible to attain 
any estimate of the earth’s rigidity in this way,”'^ though he still agreed 
with the View of the effective rigidity of the earth’s whole mass. 

(c) Argument from relative densities of ijieltc<l ami .solid rock, — 
It lias been further urged, as an objection to the hy[M)thesis of a thin 
.shell or crust covering a nucleus of molten matter, that cold solid 
rock is more dense than hot melted rock, and that even if a thin crust 
were formed over the central molten globe it would immediately break- 
up and the fragments would sink towards the centre.’ Hecent experi- 
ments have been cited which show that di<iha.Hc (of density 3 017) 
contracts nearly 4 per cent on solidification, and that the resulting 

’ T/iyt.f. Roll. Six-. E)hii, win. ir>7. 

Monfhlif yotK'rs, Atduut. Sx-. j,. SSS. 

PhU. M.oj. xw^m. (1891), p. ai8. 

* lifit. Rep. 1876, .Sfctions, p, 7. 

* PhiL Tmnn. 1879, }>art ii. Ste also lint. ,la#rv. Rep. 1882, tlectlons, p. 173. 

" Pr'H . S.>e. Xo\. 25, 1886. 

' ITji.s objection h.xs bw-ii re|>«A.«dIy iirginl by Lord Kelvin, See Roy. t%c. Edin. 

xxiii. p. 157*, aiul lint. Aasuc. Rep. 1870, Sectionn, p. 7, 
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homogeneous glass has a density of only 2‘717.^ Appeal has likewise 
been made to the l)ehaTiour of the crust of cooled rock which forms on 
the surface of the lava-caldron of Hawaii and from time to time breaks 
up, when large cakes of it turn over on end and sink down into the 
surging mass of molten rock. But on examination it will be found that 
the argument we are now considering does not derive any real support 
from this (d)servation. The fact that a crust of appreciable thickness 
can form and remain on the surface of the lava shows that cooling can 
proceed for some time without any displacement of the lithoid cake, and 
this cake is rent by the movements of the molten rock and breaks up into 
separate masses ; the fact that these turn over on end and sink points, 
Fisher ingeniously suggests, to their being under the influence of 
convectipn currents which draw them down.^ In the numerous cases 
where flowing currents of lava have been watched, no proof has been 
observed that the superficial cnist breaks up and sinks into the body of 
the molten rock. 

If the difference between the specific gravity of the interior and that 
of the visible parts of the crust be due, not merely to the effect of 
pressure, but to the presence in the interior of intensely heated metallic 
substances, we cannot suppose that solidified portions of such rocks as 
granite and the various lavas could ever have sunk into the centre of the 
earth so as to build up there the honeycombed cavernous mass which 
might have served as^a nucleus in the ultimate solidification of the 
whole planet. If the earliest formed portions of the comparatively light 
crust w'ere denser than the underlying liquid, they would no doubt 
descend until they reached a stratum with specific gravity agreeing with 
their own, or until they were again melted.^ 

One of the most serious objections entertained by geologists to the 
hypothesis of the practical solidity of the whole globe arises from the 
difficulty of comprehending how such a globe could possess the compli- 
cated structure which is presented in the terrestrial crust. That structure 
indicates a capability of yielding to strain such as might he supposed im- 
possible in a globe possessing on the whole the rigidity of steel or glass. 
But this difficulty may be more formidable in appearance than in reality. 
The earth must certainly possess such a degree of rigidity as to resist tidal 
deformation. Professor Darwin has calculated the limiting rigidity in the 
materials of the earth which is necessary to prevent the weight of mountains 
and continents from reducing them to the fluid condition or else cracking, 


* C. Bann, Phil, Maij, 1893, |*. 174. Prom » c<io«e inertly mechauicnl, piece-s of the 
original cohl i*ock, tliongh no much denoer, float for a time on the meltetl material. Jh. p. 
189. It must be rememltered, however, that the diabase was originally a molten rock which 
oooled with exceeding slonuesa, and ultimately aiMumed a cryslnlline condition, whereas 
the laboratory experiments converted it into a glasax Aa ie well known, the specifle gravity 
of a volcanic glaen is lower than that of a rock of the same chemical compoeitioD in the 
oryatalline state. 

* * Physics of the Earth’s Crust,’ p. 61. 

* See D. Forbes, J/a^. iv. p. 485. The ei^ideuoe for the internal solidity of 

iko earth is criticised liy Dr. .M. E. Wwlsworth in the AMencatt JV'a/mrt/ist, 1384. 




rjMnr < 


. vummwN OF THE SARTB*8 INTERIOH 

x>, — V 


71 


Mid liAs found that these materials must be as strong as granite 100( 
miles below the surface, or else much stronger than granite near the 
surface.^ But high rigidity, that is, elasticity of form, is not contradictory 
of plasticity. Even bodies like steel may, under suitable stress, bt» made 
to flow like butter (see posim, Book III. Part I. fetion iv. § 3). While, 
therefore, the earth may possess as a whole the rigidity of steel, there 
aeems no reason why, under sufficient strain, the outer portions may not 
be plicateil or even reduced to the fluid condition. It is imporunt “ to 
distinguish viscosity, in which flow is caused by infinitesimal forces, from 
plasticity, in which permanent distortion or flow only sets in when the 
stresses exceed a certain limit.”" 

In speculating on the plication of the earth’s crust, wo ought < ’ot ..Vl 
forget that, from the earliest times, the existing continentiil regions seem 
to have specially suffered from the efforts of the planet U> adjust its 
external form to its diminishing diameter and lessoning nipidity of 
rotation. They have served as lines of relief from the strain of 
compression during many successive e[)och8. It is along their axial lines 
— their long dominant mountain-mnges — that we should naturally look 
for evidence of corrugation. Away from these lines of weakness the 
ground lias been upraised for thousands of scpiaro miles without plication 
of the rocks, as in tlie instructive region of the Western Territories of 
North America. Nor is there any proof that corrugation, save in ridges 
and troughs, takes place beneath the groat oceanic areas of subsidence. 

It appears highly probable tiiat the substance of the earth's interior 
is at the melting-point pnipcr for the pre.s.sure at each depth. ^ Any 
relief from pressure, therefore, may allow of the liquefaction of the mutter 
so relieved. Such relief is doubtless afforded ly the corrugation of 
mountain-chain.s and other terrestrial ridges. And it is in those lines 
of uprise that volcanoes and other manifestations of subterranean heat 
actually show themselves. 

3. The argximenU /a favour of the gaseouti intenor of the earth have been 
based ort the physico-chemical researches of recent ye^irs. The first 
writer who suggested this view of the structure of our planet appears to 
have been A, Ritter in a serie.s of “ Researches on the Height of the 
Atmosphere and the Constitution of Gaseous Heavenly Bodies.”* Arguing 
from Andrews’ observations, which indicated that under high pressures 
above the critical point, not only in the case of carbonic acid but with 
regard to all other substances, no difference might any longer exist l)etween 
the ga^us and liquid states, he thought that we should probably in these 
inquiries have to deal with only two distinct conditions of aggregation, 

* P§oc. JRop, Soc. 1881, i». 432. The ernsbing utrengtli of granite is 7000 to 22,000 
ponmU per square inch ; that of limestone 11,000 to 25,000 ; that of sandstone 6000 to 
14,000 (Mr. Willis, JSlh Anu. Btp. U.S. Oeol. Aimp, p. 2S7). These limits are reached 
at depths of from 1 to 6 miles. 

* Professor Darwin in a letter to the author, 0th Jaonary 1884. 

* P. 0. Tail, ‘ Heat,’ 1884, p. 123. 

* WUdeuiann'i Awnaten da' Physii: und Chnnie, v. (1878), pp. 405, 548 ; ri. (1879) 
p. 185 ; Tlf. (1870), p. 304 ; rili. (1870), p. 157. 
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the gaseous and the solid, and thus imch the concJusion that the earth 
consists of a gaseous centre surrounded with a solid crust. If we make 
the further assumption that, as i/i the case of water-vapour, dissociation 
of all other chemical compounds takes place, we may infer that in the 
central part of the gaseous nucleus the different cheniiwil elements exist 
next each other in an isolated condition, w'hile farther outwards in the 
dissociation zone they alternately enter into chemical union and again 
separate from each other.' 

The subject has been more recently discussed by the Swedish physicist 
Professor S. Arrhenius,^ who treatii it in the light of the latest researches on 
the behaviour of bodies, gaseous, liquid, and solid, under enormous pressures 
^nd at high temp<5ratur68. He points out that in fluids at high tempera- 
id!^ where no increase of volume takes place, the internal friction rises 
with the temperature, or, in other words, the fluidity diminishes ; that in 
gases also a similar effect is observable ; and that although gases have the 
highest and solid bodies the lowest compressibility, nevertheless when a 
gas near its critical tem[»erature passes into a liquid, through a trifling 
physical change, the compres-sibility remains almost unaltcro<l. The 
higher the pressure, the smaller is the compressibility. Iron or lava in 
the ga.seoua form at a depth of 1000 kilometres or more beneath the 
earth’s surface would be more iucoraprossible than steel is above ground. 

When, therefore, the Swedish profes-sor continuo.s, we speak of .gases 
at such high temperatures and pressures as those that prevail in the 
earth’s interior, we must conceive of something wholly different from 
what wo ordinarily understand by gas. 'riie density, compressibility 
and vi.seOssity of such a suKstance are of such a high order that we might 
regard it as a solid body, if its true nature wore not apparent^ In 
regard to the probable structure of the earth, we may infer that, as 
at a depth of 10 kilometres (about 25 English miles) the temj>erature 
reaches as much as 1200’ and the pressure amounts to 10,840 
atmospliores, most ordinary minerals will become fluid, and the earth’s 
substance at that deptli must exist in a molten condition, forming what 
is known as the magma —an exceedingly viscous and little compressible 
liquid. This condition, how’cver, cannot extend far inward, for at a 
depth of some 1100 kilometres ( I M(» miles) the temperature is undoubtedly 
so high as to be beyond the criticjil temperature of every known sub- 
stance. 'The licpiid magma thus pa.s.ses over continuou.sly into a gaseous 


' O/K V. i>|>. 424, 42r>. 

• ‘’Ziir riiy'fk ‘Ifs Viih-nniHinus,” (#><*/. FCft-n. i ForhumU. xxii. (1900), 

pp. SO.'! 410. 

* If tlje onUjiHry gahcoua Uw of «leii.sitv in simple proportion to picssure for tlie some 
tern pern tn res liold.s po<xl, Ibo density of a gaseous orb like the sun will lie at the centre 
about 22', ') time.s tbe mean density of the whole, and the material will 1 h* nearly one-tbird 
denser thiin tlie metal platiiimn. But the (general o^nnion is tiiat tliis law dom not hold 
beyond a certain limit, aliove which the density of the cannot be increased by any 
pressure however groat. But we ore still “ ignorant of tbe laww of pressure, density, and 
toiujieratnre, even for known kinds of matter, at verjj great pressures and very high 
temiwratiires." .See I/inl Kelvin's ‘Popular Leisures and Addresses,’ i. pp. 40({-408. 
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magma, of which the viscosity and compressibility should be still greater 
than in the liquid magma. 

“ If the rocks at the earth’s surface have a density half tliat of the 
globe Jis a whole, and if this density continues to hohl good for the 
magma that anses from the melting of these rocks, we must conceive the 
existence of a much denser substance in the earth’s interior. On various 
gi'ounds, such as the preponderance of iron iri nature, both in meteorites 
and in the sun, and the phenomena of terrestrial magnetism, it may be 
inferred that this substance is metallic iron. In consequence of its 
greater density this iron will naturally lie deeper than the rock-magma, 
and on account of the high temperature niii.st exist in a gaseous 
condition. Somewhere about a half of the planet timrefore shoidd- 
consequently consist of iron, and of other metals mingled with U in 
smaller proportions. The semi-tliameter of this gaseous jron-sphere will 
thus include about 80 per cent of the earth’s semi-diameter. Then wdl 
come about I "' per cent of the gaseous rock-magma, next to it the liquid 
rock-magma for .a thickness of about 1 per cent of the tmre.stnul semi- 
dia!net(*r, and lastly the .solid crust, for which not more lh;m about 1 
))or cent may be claimed.”^ 

This view of the constitution of the earth’s interior receive.s, according 
to Professor Arrhenius, the most remarkable confirmation from the laU'st 
and mnst jireci.se instrumental ol)Her\ation.s of eartlnjuake movements. 
These observations, he thinks, furnish remarkably strong evidence that 
the earth’s interior cannot be .solid. ‘‘The <lensity of much the largest 
|)art (reckoned linearly) of thi.s interior, amounting, a.s hImjvo stated, to 
about 80 per cent of the radius, must be nearly three times higlier than 
that of <]uartz. Since now the mean velocity of transmission of the 
earth(juake wave in the interior of the earth haii been a.scertaino<l t-o 
amount to 11 ‘3 kilometres per second, the comjiressibility of that 
region must be 31 time.s less than that of (juartz, that i.s, eiglit times 
less than that of solid steel, according to Voigt. 'J'his is a figure of pre- 
cisely that order of magnitude which was U) be expected. We may 
well believe that at depths of more than lUOO kilometres the compres- 
sibility of gaseous iron sink.s down to some ten times less than that 
of steel. 

“The interior of the earth, therefore, with the excejition of a solid 
crust about 40 kiIometre.s thick, consi.sts of a molten magma 100 or 200 
kilometres in depth which shades continuously inward into a gaseous 
centre. The liipiids and gases in the interior po.sse8.s a vj.scosity and 
incompressibility such as permit them U) be iegarde<l a.s solid bcslies. 
From these, however, they are distinguisluMl in the first place by the 
fact th^t difTereutiations are |>o.ssible U) a considerable degree, the cffecta 
of which may long endure. lu the second place, long continued pressures, 
when acting on a large enough .scale, may produce great deformations. 
Further, the liquid.s must possess the property of great expansifin on a 
diminution of the high pressure, thereby readily becoming fluid. The 
process must thus differ but little from a normal melting with increase 
•> ’ Oj>. rit. j>|i. 404. 405. 
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of volume, and eepecially of fluidity, as well as with absorption of heat. 
And yet the condition of aggregation is not thereby altered.” ^ 

The aspect thus presented of the probable constitution of the interior 
of our j))ariet ap|)ears to accord well with the geological requirements. 
Not only does it furnish an explanation of the characteristics of earth- 
quake movements, but, as Professor Arrhenius cogently shows, it helps us 
to understand some of the more difficult problems of volcanic action. It 
will therefore be further referred to in Hook III. Par4 I. Again, with 
reference to the crust of the earth, it meets the constantly repeated 
objections of the geologists to whom the existence of a comparatively 
thin crust has always seemed an essential condition for the production 
>>Ktat crumpled and fractured structiu'e which the rocks of the land 
so universally present. If the solid crust of the earth is allowed to be 
about 25 miles thick, we must conceive that in the lower four-fifths of 
its mass the rocks are in a condition of latent plasticity. They lie much 
beyond the crushing strength which they exhibit at the surface. They 
are not crushed into powder as they would bo under a similar strain 
abo\e ground, but they are ready to yield to the deformations that may 
arise con 80 (pient upon readjustments of the gigantic pressure to which 
they are subjected. Hence the solid crust down as far as its structure 
has been disclosed abounds in proofs that it has undergone colossal 
plication and fracture, and that higher portions of it many square 
miles in extent have been thrust bodily over each other for many 
miles. 

§ 4. Age of the Earth. — The age of our planet is a problem which 
may bo attacked either from the geological or the physical side. 

1. The geological argument rests chiefly upon the observed rates 
at which geological changes are being effected at the present time, and 
proceeds on data partly of a physical and partly of an organic kind. 
(a) The physical evidence is derived from such facts as the observed 
rates at which the surface of a country' is lov'ered by' rain and streams, 
and new sedimentary dcfiositsare formed. These facts, to be kdequately 
appreciated, must be stated in deUil, as will be done in later sections of 
thi% volume. It may suffice here to refer to the slowness with which 
such changes are now taking place l>eforo our eyes, and to state that if 
we assume that the laud has been worn away, and that stratified de|>osits 
have been laid doMUi, nearly at the same rate as at present, then we 
must admit that the stratified portion of the crust of the earth must 
represent a very vast period of time. (/;) The e\idence from the 
organic world is not loss cogent in support of the demand for long 
periods of time. Human experience, so far as it goes, varrants the 
belief that changes in the structure of plants and animals take place with 
extreme slowness. Yet in the stratified rocks of the terrestrial crust 
we have abundant proof that the whole*fauna and flora of the earth’s 
surface have passed through numei-ous cycles of revolution — species, 
genera, families, orders, appearing and disappearing many times in 
succession. On any allowaUe supi)ositiony these vicissitudes iu the 
* Op. eit. p. 410. • 
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organic world can only have l)een effecteil with the Iftjwe of va«t periods 
of time, though no reliable standard seems to be available whereby these* 
periods are to be measured. 

It will be observed that this geological reasoning is haseil on the 
assumption that on the whole the changes in the inorganic anti organic 
worlds have advanced in the past at much the same rate as they tlo at 
present. It is not maintaineil that this rate has never varietl, but it is 
the only one with which we are aetjuainted, and which can therefore 
be taken as a guide in the investigation and interpretation of the jiast 
history of the earth. But the reasoning has been impugned on the 
ground that the present scale of geological and biological processea may 
be far slower than it once was, and cannot therefore be taken as a rojl’' l/i'c 
basis.^ Some of those who have entered into this discussion from the 
side of physics, starting from the postulate, which no one will dispute, 
that the total sum of terrestrial energy was once greater than now, 
and has been steadily declining, have boblly asserted that all kinds of 
geological action must have been more vigorous and rapid during by- 
gone ages ithan they are to-day ; that volcanoes were more gigantic, 
earthquakes more frequent and destructive, mountam-upthrows more 
stupendous, tides and waves more powerful, and commotions of the 
atmosphere more violent, together with more disastrous tempests, heavier 
rainfall, and more rapid denudation. (>ut no proofs have ever been 
brought forward to show that these assertions are founded on actual 
fact and not on mere theoretical possibility. Such proofs, if they existed, 
could be produced, for they would assuredly be found in the chronicle of 
the earth’s history, which from a very early period down to the jiresent 
time has been legibly written within the sedimentary formations of the 
terrestrial crust. But that chronicle has been scrutinised in all quarters 
of the globe without the discovery of any evidence in favour of the 
assertions of the physicists. No indication has heen found that the rate 
of geologiciil causation has ever, on the whole, greatly 'varied during the 
time which has elapsed since the deposition of the oldest stratified rocks. 
While it is not contended that there has l>ecn no variation, that there 
have been no periods of greater activity, both hypogeiie and ejjigene, 
the demonstration of the existence of such peiio<ls has yet to be made. 
It may be most confidently affirmed that, whatever may have happened 
in the early ages of which there is no availalde geological reconl, in the 
whole vast succession of sedimentary strata nothing has yet l>een detected 
which necessarily demands that more violent and rapid action which, from 
physical reasoning, has been supposed to have been the order of nature 
during tiie past. 

The validity of this statement will ap|)ear more clearly from the 
detailed account of the structure of the terrestrial crust to be given in 
later parts of this volume. BTit it may be of service here to direct attention 

* Some of the passage* which follow are taken from 11)3 Address to the (>eoiogicaI Section 
of the British Association at the r>o\er Meeting in 1599. In that Addreaa, and in the 
Preahlential Address to the British Asa'amtion at Kdinhiiigh in 1592, I have dealt with 
the queatiofi of the protiaMe age of the esrth. 
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to 0orae of the kinds of geological evidence which niay be appealed to in its 
favour. In so far as relates to the effects of underground energy, it may 
be confidently assorted that the latest mountain-upheavals were at least 
as stupendous as any of older date whereof the basal relics can yet be 
detected. They seem, indeed, to have been still more gigantic than 
those. It may be doubted, for example, whether among the vestiges 
that remain of Mesozoic or Palfoozoic mountain-chains, any instance can be 
found of uplifts so coloss.al a.s those of Tertiary times, such as that of the 
Alps. No known volcanic eruptions of the older geological periods can 
compare in extent or volume with those of Tertiary and recent date. 
The plication and dislocation of the terre.strial crust are proportionately 
■'^l^jjg^nspicuously displayed among the younger as among the older forma- 
tions, though the latter, from their greater antiquity, have suffered more 
frequently and during a longer time. 

Then with regard to the geological changes on the surface of the earth, 
no evidence of greater violence in the surrounding envelopes of atmosphere- 
and ocean has been yet found among the stratified rocks. One of the very 
oldest formations of Western Europe, the Torridon Sandstone of North- 
West Scotland, presents us with a picture of long-eon tinned sedimentation, 
such as may ho seen in progress now round the shores of many a mountain- 
girdled lake. In that venerable dcpo.sit, the enclosed pebbles are not 
mere angular blocks and chips, swept by a sudden flood or destructive 
tide from off the surface of the land, and huddled together in confused 
heaps over the Moor of the sea. 'Phey have been rounded and polished 
by the quiet of)orati()u of running water, as .stones are rounded and 
polished now in the chaiuiols of brooks or on the shores of lake and sea. 
They have been laid gently down above each other, layer over layer, with 
fine sand sifted in betw'cen them. So tranquil were the waters in which 
these sediments accuinulat.ed, that their *gentlc currents and oscillations 
sufficed to ripple the sandy floor, to arrange the sediment in laminte of 
current-bedding, and to separate the grains of sand according to their 
relative densities. Wo may oven now trace the results of these Operations 
in thin darker lajers and streaks of magnetic iron, zircon, and otlier 
heavy minerals, which have been sorted out from the lighter quartz- 
grains, as layers of iron-sand may be seen sifted together by the tide 
along the upper margins of many of our sandy beaches at the present day. 
In the same ancient formation there occur also various intercalations 
of fine muddy sediment, so regular in their thin alternations, and so like 
those of younger formations, that they may eventually yield remains 
of organisms which, if found, would be the earliest traces of life in 
Europe. 

It is thus abundantly manifest that even in. the most ancienW of the 
sotliinontary registers of the earth’s history, not only is there no evidence 
of colossal floods, tides, and denudation,* but there is incontrovertible 
proof of continuous onlerly deposition, such as may be witnessed to-day in 
any quarter of the globe. The same tale, with endless additional details, 
is told all through the stratified formations down to those which are in 
the course of accumulation at the present day. • 
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Not lesa important than the ati-atigraphical is the paleontological 
evidence in favour of the general quietude of the epigene geological 
processes in the past.. The conclusions drawn from the miture ami 
arrangement of the sediments are corroborated aiul much extojideil by the 
structure and manner of entombment of the enclostnl organic remains. 
From the time of the very earlie.st fossilifcrou.'s foirnations there is no- 
thing to show that either plants or animals have had to contend with 
physical conditions of environment dilferent, on the whole, from those in 
which their successors now live. The oldest trees, .so far us ivgahls their 
outer form and internal stmetuie, bet<»ken an atmosphere neither more 
tempestuous nor obviously more impure than tlial of to-«!ay. though there 
may have been formerly a greater propoiUon of carbon dioxhle in the aj];^ 
The earliest corals, sponges, crustaceans, iiiollusks. and arachnids weiiMiot 
more stoutly constructed than those of later tinic'^, and are found grouped 
together among the I'oeks as they lived and die<l, with no a)»parent 
iialication that any violent cotmnotion of the elements tried tlieir strength 
wiien living, or swe[»t away their remains when dead. 

But, undoubtedly, most impres.sive of all the paheontological <la(a is 
tlic testimony borne by tlie grand succession of organic lemains among 
the stratified rock.s as to the \ast duration of time reijuired foi’ their 
evolution. We do not know the present averag«‘ lates of organic 
variation, but all the available evidence goes to indicate their extreme 
slowness. They may conceivably have been more r.ipiil in the [Mist, or 
they may have been liable to Hucluations accoiding to vici.ssitudes of 
environment. But those who assert that the late of biological evolution 
ever differed materially from what it may now b<‘ inb iied to be, have 
still to bring foi ward something ni<»re than riieie assertion in their support. 
Some biologists conceive (hat the whol-* sucee.ssioii of plant and animal 
life preserved in the crust of the earth might have been ciolveil in some 
such period as 20 or millions of yeai.^.. But the great majority 
of them, with Darwin at their head, have tout ended for a much more 
liberal allowance of time.* 

Until it can he shown that geologists and jiaheontologi.sts have mis 
interpreted the records contained in the earth’s crust, they may not un- 
reasonably claim a.s iiiiicli time for the hi.story leve.aled in these records 
its the vast body of accnitmlated ctideiice .apjiears to them to demand 
There is a general agreement among the geologists that so far as the 
phenomena of sedimentation and tectome stiueture are eoneenied 
100 millions of years would probably .sutliee for the completion of 
the geological record. Hut if on palieontologiwil grounds the allowance of 
time should be found too smai], there appears to la) no reason, on at least 
the geological side, why it should mil be enlargetl, as far as may be found 

' Darwin’s ‘Origin of Sjiecn's,' cliaji. ix. . ‘Life johI in. j)j». 115, HU. 

Professor Poulton in liU Preside nti-sf A«l<lress to llie Zoologiral Serlion of tlie BrilisU 
Asaociation at Liverpool in 18516 fnU.v staU*«l the biological argmneiits ami their bearing 
on the age of the earth. Piofew»r .Sollas has expiesseil the npmion that the ileiiiands of 
biology would be ampl} satistii-d with a period of 26 millions of yean* (Addrcwi to 
Section B^it. Assoc, 1900, p. 12 of repniitb 
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needful for th« tatisfactorj interprefcafcion of the evolution bf organised 
existence on the globe. 

" An ingenious and new geological argument has recently been based by 
l*h)fessor J. Joly of Trinity College, Dublin, on the quantity of sodium 
present in the water of the ocean as a measure of the age of the earth. 
He assumes that the sodium contained in that water was not derived from 
the primeval atmosphere or the original constitution of the ocean, but has 
been supplied in the long course of geological time by the denudation of 
the land and the consequent removal of the material in solution from 
the terrestrial rocks. I’he total vohime of the oceanic water may be 
approximately compute<l, and as the chemical composition of this water 
is fairly well known from the analysis of specimens taken from many 
^oly separated regi(»n8, the whole amoutit of sodium itj the ocean may 
likewise be calculated. Again, the UtUl volume of fresh water annually 
draining off the land into the sea may be estimated, and from the 
examination of the salts held in solutiofi in the waters of a number of 
rivers an approximate average may be reached for the (juantity of 
sodium carried in solution every year into the sea. Csing therefore 
the quantity of s(xlium in the ocean sis a numerator and that supplied 
every year by the drainage of the land as a denominator, Professor Joly 
arrives at the conclusion * that if, as msiy reasoimbly be assumed, the 
present annual supply bo taken as a mejisure of what has been the rate 
in past time, a periinl of between 90 and 100 millions of years 
has ela|»sed since the ocean began to receive its tribute of chennea! 
solution from the land. It may l>e objected to this reasoning that some 
of the sodium was present in the original atmosphere and ocean, and if 
this wore the (’ase tlie length of time demande<l W(Uild bo proportionately 
reduced. Professor Joly, however, gives reasons for his belief that the 
siKlium, as well as most of the metals, was silicated in the earliest 
terrestrial crust, and that the chlorine prol>ably existed as a gas combined 
with hydrogen in the jwimeval atnidsphere or dissolved as an aeid in the 
earliest water, and he makes an allowance for the more active denudation 
which such a condition of things w'ould entail. Another objection 
obviously arises to the uniformitnrian basis on which the computations 
are made. But it has Injen pointed out above that the present rate of 
geological change, bring the only one which wo can actually witness and 
measure, affonls the only foundation on whicli to proceed in endeavouring 
to estimate the value of past geological time. It is interesting to 
jiorceive that the time limit (hMluccd by this novel method of investigation 
accords well with the conclnsioiis which on other grounds geologists had 
already reached as to the antiquity of the globej 


’ " Au Kutiniate of tlif (Jeolojjical Age of the Ktulli," hy Prof&itfor J. Joly, Tracis, Hoy. 
Jhtblin HoiU vii, (ser, ii.), 1H9J), ji. U-S ; A/fty. 1900, p, 220; AVp. /J/U. .hjioc. 1900, 
pp, 369-379. A HUggeetion liiwl previously been niaie by Mr. Mellanl Keaile as to the 
ooniiaitatioii of a litnit to the eartli’x age from the proimrtinn uf calttiiiin sulphate in the sea 
(‘Chemical Denudation in relation to (leotogioal Time,’ liondou, 1S79). For remarks ou 
Professor Joly’s argument, see Rev. O. Fisher, fHoi, Mag. 1900, p. 124 : Prohissor Sollas, 
Address to Geological Section of the British Association, 1900. See also a paper by Professor 
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> We maj Auiki up the geological argument for the ago of the earth 
thus : — The geological evidence indicates an interval, of pn)bably not 
much less than 100 million years since the earliest forms of life appeared 
upon the earth and the oldest stratified rocks began to be laid doH'n. 

2. The physical argument as to the age of our planet is based 
upon three kinds of evidence : — (1) the internal heat and rate of cooling 
of the earth ; (2) the tidal retardation of the earth’s rotation ; and (3) the 
origin and age of the sun’s heat. 

(1) Applying Fourier’s theory of thermal conductivity, Lord Kelvin 
pointed out as far back as the 3 'ear 1862, that in the known rate of 
increase of temperature downward l)eneath the surface, and the rate of 
loss of heat from the earth, we have a limit to the anticpiity of the planet. 
He show'ed, from the data available at tlje time, that the superficial 
consolidation of the globe could not have occurred less than 20 million 
years ago, or the underground heat would have been greater than it is ; 
nor more than 400 million years ago, otherwise the underground 
tem|>erature would have shown no sensible iiicreiisc downwards. He 
admitted that very wide limits were necessary. In 8ul)8e<jueritly dis- 
cussing the subject, he inclined rather towards the lower than the higher 
antiquity, hut concluded that the limit. fro»ii a i'onsulcration of all the 
evidence, must be placed within some suc.li period of past titue as 100 
millions of years. He would now restrict the tim<* to between 20 and 40 
millions.^ 

(2) The reasoning from tidal retardation ju'oceeds on the admitted 
fact that, owing to the friction of the tidal vva\c, the rotation of the earth 
is reUrded, aral is therefore shover now than it must have been at one 
time. Lord Kelvin contends that had the globe become solul some 
10,000 million years ago, or indeed any high anfujuity beyond 100 
million years, the centrifugal force due to tin* more rapid rotation must 


Jol) on “The t'irc«l&tiou of Salt and (leolo^ical Time, ’ f/nt/ Itinl, )■ .‘114, ami huI>- 

nfqucMit corre.'^jK)inlelK<‘, jip 14.0,504,658. tTofessor K l>nli«ii> ha^ <lis< u>sii| tin; aiiioiml of 
carbonate of lime in circulation on the eaitli, and has arriv^-d at the com-IuMon that “the 
foririatioii of the carbonates from ailicate rocks has required at least some tens of inillions of 
years. Knt this is a iinniniuni ; the real lajiae time since the formation of a solid cruat 
and the apjwarance of life njioii the gIol>e may be more tlian lOoO millions of years ” (/Voc. 
Kon. Akatl. Autxierdam, 1900, p. ISO), 

‘ TmiiK. Itoy. Soc. xxiii. p. 1.57. Trons. OeiJ. ii»< . in. }>. 25. ' Poj.nlar 

Ijectiirea and Addrease-s,’ 2nd edit, (1891), p. S97. ITofe-ssor Tint ledneed the jwiiml to 10 
or 1.5 millions. • Recent Ailvances in rii\M< al fM-ieiue,’ p. Ir57. From the results of a seiiea 
of experinienta by Dr. Carl Baras to detennine the latent Jieat of fusion, Hpeeific heats melted 
and solid, and volume-expansion lietwepn the solid and melted state of tiie rock diabase, the 
late Mr, Clarence King arrivwl at the conclusion that “ we have no warrant for extendltig the 
eaith's Sigf beyond 24 millions of years ” (-1 Join h. iSfi xlv IStr.'l, p 15). Jteferring 
to Mr, King’s l^per, Ix»rd Kelvin states that he i« not led to differ mnrli from the age- limit 
given in that paper (Fkil. Mug. January 1899). On the other band, l*riifesHor J'erry regards 
Mr. King’s reasoning as inconclusive aud remarks that “it is evident, if we Ukeany probable 
law of temperature of coinvctive eqnilibrium at the Ifginiiing, amt assume that there may be 
greater conductivity inside than on the surface rocks, Mr. King » ingenious test for lK|Uulity 
will not bar us from almost any great age ” {XtUme, li. 1096, p. 680). 
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have given the planet a very much greater polar Hattening than it 
actually possewes. He admits, how'ever, that though 100 million years 
ago that force must have been about .'i per cent gieater than 
“ nothing we know regarding the figure of the earth and the disposition 
of land and water Avould justify us in saying that a body consolidated 
when there was more centrifugal force by 3 per cent than noAv, might not 
now 1)0 in all respects like tiie earth, so far as we know it at present.” ^ 
(3) The third kind of evidence leads to results similar to those derived 
from the two previous lines of reasoning. It i.s based U|)on calculations 
as to the amount of heat that would be available by the falling together 
of masses from space, which by their impact gave rise to our sun, and the 
rate at which this heat has been radiated. A.s8uming that the sun has 
been cooling at a iiniform rate, Profes-sor Tail concluded that it cannot 
have supplied the earth, even at the present rate, for more than about 
15 or 20 million years.- Lord Kelvin also believes that the .sun’s light 
will not last more than 5 or fi millions of years longer,*’ 

These thn^e groat physical arguments have for some forty years ]>een 
repeatedly advanced as a triumphant <leinoiition of the iiniformitarian 
doctrines of modern days. Tliey are alleged “ to sweep away^ tlie whole 
system of geological and biological specnlatu)n demanding an ‘ inconceiA - 
ably ’ great vista of past time, or even a few thousand milhoii years, for 
the hivStory of life on the earth, and approximate uniformity of platonic 
action througliout that time.” Yet when examined they are each found 
to rest on a.ssumption.s which, though certified as “ probable ” or “ vei y 
sure,” arc nevertheless admitU'dly a.ssumptions. The concliision.s to Avliich 
these assumptions load must depend for their validity on the degree of 
approximation to the truth m the prcniis.ses which are [lostnlated. As 
Huxley in dealing witli them long ago remarked in his characteristically 
forcible way, “ Mathematics may be compared to a mill of o-Mpiisite 
workmanship, Avhich grinds you stuff of any degree of finencs.s ; l>ut, 
nevertheless, what you get out ilepeiaK on Avhat you put in ; and as the 
grandest mill in the Avorld Avill not extract Avheat-flour from pea.seods, so 
pages of formula* Avill not get a definite result out of loose data.”"’ 

It is important to ol)scrve that neither the a-ssumptions nor the conclu- 
sions drawn from them are .so self evident as to huA'c commanded universal 
assent even among physicists themselves. In the year 1886 }’rofe.s.sor 
George DarAvin devoted his Presidential Address before the Mathematical 
Section of the Hritish A.s.sociation to a review of the three famous physical 

' Tivtis. OV<>/. SiH. 111 . Hi. Professor Tait, iii rquatiii)? tliis argiiiuviit, con- 

I'ludod^hat, taken in comiectioii with tlie proMou.s one, "it proK'iUlx u-dnees the pos.^ilile 
jHirioil whidi turn he allmveil to geologists to sonietliiiig less, than 10 millions of years.” 

* Recent Ailvaiues’ p. 171. Coniparo N'ewcnnib. ‘ Popular Astiononn,’ p. .'iO.'i. 

Op. t’U. p. 174. ^ 

‘Popular Lectures,' elc., p. 397. llih latest pronouncement on thiM siih|eet will be 
found in hia “AiUliess to the Victoria Institute," Phil. .IPfff. January 1899, in which, ih-parliiig 
from Ilia original inoro lil*ernl eslunute, he now afliriiis that the age of the eartli ‘‘was more 
than 20 and leas than 40 million years, and probably modi nearer 20 than 40. ’ 

* Preaidential Addreas to Ueologieal Society, 1869. 
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arguments respecting the age of the earth. He summed up his judgment 
of them in the following words : “ In considering these three arguments I 
have adduced some reasons against the validity of the first [tidal friction], 
and have endeavoured to show that there are elements of uncertainty 
surrounding the second [secular cooling of the earth] ; nevertheless they 
undoubtedly constitute a contribution of the first importance to physical 
geology. Whilst, then, we may protest against the precision with which 
Professor Tait seeks to deduce results from them, we are fully justified in 
following Sir William Thomson, who «iys that ‘the existing state of 
things on the earth, life on the earth — all geological history showing 
continuity of life — must }>e limited within some such period of f)iist time 
as 100 million years.' 

Three years later Mr. K. S. Woodward, from the malheinatical side, 
expressed his opinion that the argument drawn from the cooling of the 
earth was probably incorrect, and that this contention of the physicists 
remained as doubtful as it was wlieii discus.sed twenty yefirs before by 
Huxley.- .Vgain, at the beginning of the year lOOO the same able 
mathematician reaflirmed tlie conviction he had ])revi(msly juiblished, 
remarking that Lord Kelvin had not convinced mo.st mathematuians, and 
the geologists hud adduced the widghlier arguments. He added these 
words: “ Heautiful as the Fourier anal>.sis [of the theory of heat 
conduetiurij is, and ali.sorbingly intere.sting as its ajiplication to the problem 
of a cooling sphere is, it <loes not seem to me t«) afford anything like so 
definite a measure of the age of tlie earth as the visible processe.s and 
effects of stratirtc^iti<m to which the geologists .appeal.”-^ 

More recently each of the three phy.sical arguments has been impugned 
on jihysical grounds by Profe.ssor Perry. In regard to the first of them, 
liased on tin* rate of cooling of the eaith, lu? contends that it is perfectly 
allowable to assume a much higher conductivity for the interior of the 
globe, and this assumption will vastly incieasc our e.stimate of the age of 
the planet. The second, based on tidal retardation, which had already 
been impugned liy Mr. Maxwell Clo.se and Professor Darwin, is dismissed 
by him as fallacious. With respect to the third, drawn from the history 
of the sun, he maintains that, on the one liand, the sun may liave been 
repeatedly fed by infalling meteorites, and that on the other the earth, 
(luring former ages, may have had its heat retained by a dense atmospheric 
envelope. Believing that “ almo.st anything is {xissible as to the present 
internal state of the earth, ” he concludes in these words ; “ To sum up, 
we can find no published record of any lower maximum age of life on the 
earth, as calculated by physicists, than 400 millions of years. From the 
three physical arguments. Lord Kelvin’s higher limits are 1000, 400j!^and 
500 million years. I have shown that we have reasons for believing that 
the age, from all these, may be very considerably underestimated. It is 

* Rfp. Tint. Aimc. 1886, p. .'ll?. 

“ “On the MAtheinatical Theories of the Eiarth," We Pre«i'iential Addrewi to tba Section 
of Astronomy and Mathematics Aiuer. Asset. 1889. 

® “The Century’s Progress in Mathematias," Presidential Address, BuU. Atnertran 
Maih. &K. vi.tl900), p. 147. 
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to be observed th?it if we exclude everything but the arguments from 
mere physics, the probable age of life on the earth is much less than any 
of the above estimates ; but if thp palaeontologists have good reasons for 
demanding much greater time, I see nothing from the physicist’s point 
of view which denies them four times the greatest of these estimates.” ^ 
This remarkable admission from a recognised authority on the physical 
side re-echoes and emphasises the warning pronounced by Professor 
Darwin in the address already quoted: “At present our knowledge of a 
definite limit; to geological time has so little precision that we should do 
wrong to summarily reject any theories which appear to demand longer 
periods than (those which now appear allowable.”^ It is fully recognised 
that the exorbitant demands for past time made by the earlier geologists 
were unwayf-anted and unnecessary, and that physicists have done notable 
service ip showing that a limit must be set to the antiquity of the globe 
and to ' the future duration of the solar system. But the physical 
arguments are not based on such definite and precisely known data as 
to prevent the geologists and palceontologists of to-day from claiming as 
much time as the obvious interpretation of the structure and history of 
vhe earth’s crust api)oar8 to demand. 

The sequence of geological time and the methods of arranging its 
subdivisions and of attempting to compute their relative duration will be 
better understood by the student aher the composition and tectonic 
arrangements of the terrestrial crust have been considered in Book VI. 


Part II.— An Account of thb Composition of the Earth’s 
Crust — Minerals and Kocks. 

The earth’s crust is composed of mineral matter in various aggregates 
included under the general term Rock. A rock may be defined as a 
mass of matter composed of one or more simple minerals, having 
usually a variable chemical composition, with no necessarily symmetrical 
external form, and ranging in cohesion from mere loose ddbris up to 
the most compact stone. Granite, lava, sandstone, limestone, gravel, sand, 
mud, soil, marl and peat, are all recognised in a geological sense as 
rocks. The study of rocks is known as Lithology, Petrography or 
Petrology. 

It will be most convenient to treat — Ist, of the general chemical 
constitution of the crust ; 2nd, of the minerals of which rocks mainly 
consist ; 3rd, of the methods employed for the determination of rocks ; 
4th, o||the external characters of rocks ; 5th, of the internal texture and 
structure of rocks ; 6th, of the classification of rocks ; and 7th, of the 
more important rocks occurring as constituents of the earth’s crust.* 

c 

Sect. 1. General Chemical Constitution of the Crust. 

Direct acquaintance with the chemical constitution of the globe must 
obviously bo limited to that of the crust, though by inference we may 
‘ li. (ISQ.'i), p. 685. * BriL Assoc , 1886, p. 318, 
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eventiuilly reach highly probable conclusions regarding the constitution 
of the interior. Chemical research has discovered that some seventy-five 
simple or as yet undecomposable bodies, called elements, in various pro- 
portions and compounds, constitute the accessible part of the cmst. Of 
these, however, the great majority are comparatively of rare occurrence. 
The crust, so far as we can examine it, is mainly built np of about twenty 
elements, which may be arranged in two groups,— metalloids aT»d mctfils, — 
the most abundant bodies being ])laced first in each group in the following 
table ; ^ — 


Mdalloids, 


Oxygen 

Ciieiiiical 

Symbol. 

. 0 . 

Atomic 
Weight 
. 15-96 . 

A. Pro{»ortioo in the 
(.nUer Crust of 
the Barth. 

. 47-02 . 

B. ProjKjrtioii in outer 
jwrt of Ksrtli, ineluri- 
iiig Cnist, Sea, and 
Alnio(i|iherc. 

. 60 

Silicon 

. Si . 

. 28-00 . 

. 28-06 . 

. 26 

Hydrogen 

. H . 

1 -00 . 

0-17 . 

0-90 

Carbon 

. C . 

. 11-97 . 

. 0-12 . 

. 0-20 

Phosphorus . 

. P . 

30-96 . 

. 009 . 

. 008 

Suljdiur 

. S . 

. 31-98 . 

. 0 07 

. 0-06 

Chlorine 

. Cl’. 

. 35-37 . 

0-01 . 

. 0176 

Fluomie 

. F . 

19-00 . 

0-01 . 

0-03 

Nitrogen 

. N . 

. 11-01 . 


. 0-02 

Aluminium . 

. A1 . 

Mcfals. 

. 27-30 . 

8-16 . 

7-46 

Iron 

Fe . 

55-90 . 

4-64 . 

4-2 

Calcium 

. Ca . 

. 39-90 . 

. 3 60 . 

3-25 

Magnesium . 

• -Mg. 

. 23 94 . 

. 2-62 . 

2-85 

Potassium . 

K , 

. 39-04 

2-35 . 

2-35 

Sodium 

Na . 

22-99 . 

2-63 . 

2-40 

Titanium 

. Ti . 

48-00 

0-41 . 

0-80 

Manganese . 

. Mu. 

. 54-80 . 

0-07 . 

0-07 

Barium 

Ha . 

. 136-80 . 

0 05 . 

0-03 

Strontium 

. St . 

. 87 -2D . 

0 02 . 

. 0-006 

Chromium . 

. Cr . 

. 52-40 . 

0 01 . 

0-01 

Nickel 

. Ni . 

. 58-60 . 

0-01 . 

0-006 

Lithium 

. Li . 

7-01 . 

0-01 . 

0-005 


100 00 


Of the other elements, upwards of fifty in number, the profxirtioris are 
so small that probably not one- of them etpials as much as one-hundredth 
of one jier cent of the whoI<* crust. Yet they include gold, silver, copper, 
tin, lead and the other useful metals, iron excepted. It will be observed 
that of the accessible part of the globe three-fourths consist of met«^oids 

and one-fourth of metals. 

• 

‘ Column A i<» taken from the paper by Mr. F. W. Clarke, HuU. H.S. (Jtol. Surv. Nu 
168 (1900), p. 5. The proportions •f the elements Imre giren were estimated from the 
complete analyees of 880 rocks representing the general com|>ositioD of the older crystaliioe 
rocks of the teri^strial crust. This subject hns likewise l>een elaborately worked out for 
each element or group of elements by Professor Vogt of Christiania {ZeiUck. Prakt. (JtU, 
1898, pp. 225, 814, 377, 413 ; and 1899, p. 10). Column B in the table above, taken from his 
papers, shows the proportion of the elements assigned by him to the rocks, the air, and the sea. 
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Comparatively few of the elements occur in a free or uncombined 
state. In nearly all cases they have formed compounds with each other, 
some of which consist of only two elements, while others have an 
exceedingly complicated composition. We may conveniently consider 
the more important elements in the order of their relative abundance 
and notice the chief comhinationa in which they occur. 

Oxygen, by far the most abundant constituent of the outer fxirt of our planet, forms 
about 23 per cent by weight of air, 88 87 |>cr cent of water, and about half of all the 
rocks that compose the teirestrial crust It exists free or mechanically mixed with 
nitrogen in the atmosphere, from which it readily passes into combination with the 
other elements (with all of which it forms compounds, except with fluorine) in the 
large and widely prevalent series of Oxides. These may be divided into Basic Oxides, 
which combine with acids to form salts, as where iron-monoxide or ferrous oxide, FeO, 
combines with carbonic dioxide io form ferrous carbonate or spathic iron; Peroxides, 
which contain a larger proportion of oxygen and do not form salts ; familiar examples 
being the sesquioxide of iron or ferric oxide (Fo-Pj) and manganese dioxide (MnOj) ; and 
Acid-forming Oxides, which, combining with water, form acids, as where the trioxide of 
sulphur ^SO,) taking up water becomes sulphuric acid (H3SO4), and the pentoxide of 
phosphorus (PaOn) becomes phosphoiic acid (HjPOj). 

Silicon, which ranks second in imjiortance, always occuis united with oxygen. It 
constitutes rather more than a fourth part of the crust. Its dioxide, known as Silica, is 
found as the familiar mineral (piartz, and as one of the acid-forming oxides (HpiO^, 
Silicic acid)* it forms combinations with alkaline, earthy, and metallic bases, which 
apiwar as the prolitio and universally diffused family of the Silicates. Moreover, it is 
present in solution in tcriestiial and oceanic waters, from which it is deposited in pores 
and fissures of rocks. It is likewise secreted fiom these waters by abundantly dilfused 
species of plants and animals (iliatonis, radiolnrians. A.C.). It has beim largely effective 
in replacing the organic textures of formei org.uiisms, and thus preserving them as 
fossils. Silica may be legaided as the most abundant and important ingredient in the 
mineiiil kingdom, t\)r of itself it makes up inoic than one-halt of the known crust, 
which it socma to bind iiimly together, entciing as a mam itigiedient into the composi- 
tion of most crystalline and fiagmeiital rocks as well as into the veins that traverse 
them, t^uart/ .stiongly resists ordinary decay, and is thercfoie a marked constituent of 
many of the more enduring kinds of rock. Many of the silicates, however, are liable to 
decay, owing to their decom|K).sition and the abstraction of their bases. 

AlumiDium comes thiid in order of tlie elements as a constituent of the crust, of 
which it is computed to form about 8 per cent. It is thus by far the most ulnmdant of 
all the metals. It is not found natiiially in the fiee state, but combined with oxjgeu 
forms sevend distinct minerals (corundum, sapphiie, ruby,', and occurs also in the 
material known as bauxite (p. 169), now much sought after as a source f'oi the e.xtiactioii 
of the metal. Its chief combinations, howevei, aie witli silica, with which it foims the 
basis of tlie va.st family of the aluminous silicates that constitute so laige a j)ortion 
of the crystalline and fragmental rocks. Expos'd to the atmosplicie, these silicates 
lose aome^of their more soluble ingredients, and tlio icnmiiider forms an earth or clay 
consisting chiefly of silicate of aluniiniiim. 

Iron, the fourth element 111 order of abundance in the tcrrestiial crust, of w'hichit 
forms neatly 5 per cent, occurs in the fiee state allgyed with nickel as the main con- 
stituent of the class of meteorites known as siderites, and has aKo been detected in some 

* Tills is the tionnal <juaUi ivalent or nrthoMlicic acid in which one atom of silicon is 
united to four of Hp ; but theie are probably other silicic aciifs in nature gi\nig rwe to 
rtlovtho-Mlicate'i, inet.a-silivntes and duueta-sihrate'i. F. W. Clarke, B. L\ S. U. S. No. 125 
(1895). See also G. F. Becker, Aour. Jonrn. Sci. xxxviii. (1889), p. 154. 
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terrestrial rocks of volcanic origin, as will be more fully noticed a little farther on. 
But with these exceptional occurrences, it is always combined with oxygen, with which 
it forms a varied and universally ditfused group of oxides. The monoxide or fenvms 
oxide (FeO; is an abundant constituent of rocks. The sosqmoxidc or ferric oxide (Fe^Og), 
t)iou!jh rather Ic.ss prevalent, is a common mineral, ami is likewise present in I ho com- 
jiositjoii of many igneous and scdimentaiy rocks. Reference to these minerals is made on 
}). 9tJ. Tlic monoxide is abundantly diffused in combination m ith carbonic ai id as th» 
carbonate of iron -aii imjioitant ore of the metal. United to .snlphni. iron yields all 
important group of sulphides Iron and mansrancse are frequently associated together 
in igneous rocks, and likewise in the 8ednn»*ntaiy .strata denvisl from these.* 

Calcium, a metal, forming with Harinm and Strontium the group of the alkaline 
eaith.s, comes rather behind iron in abundanco. and never oceiiis in a fiee state. Com- 
bined with oxygen and iiiiiteil with one or other of the acids, it gnes lise to an almndant 
and varied senes of compounds, and hence Ix-comes an important loek-constiluent both 
among tlie igneous and scdimentaiy formations. Tims in eombinalion w ith silica it enters 
into the ooinjiosition of many silicates, .and in union with <’ai bon-tlioxide it apjiears a.s the 
uiincial calcite, so wididy spread in strings and c.avitie.s of rocks exposed to the action 
ot meteoric waters, and as the v.uioiis kitid.s of limestone. t’alcinm-carhonnto or 
carbonate of lime being soluble in water ctint.iining carl»onic a<‘id, is one of (lie m<i.st 
uuiversMllv ditrused mineial ingiedients of n.Unral wateis. It supplies the varied tube* 
of molliisks, coials, and many other iiivertobiales with mineral substance for tho 
.seciction (tf their tests and ••'keletons, Sncli too has been its otfice from remote geological 
periods, as is .shown by the vast masses of orgaincally-fortned limestone, which enter .so 
coiispK’iioiisIy into the sirueturo of the eontinenls. In eombinittion with sulphuric 
acid, ealciiim fonii.s impoitant beds ol g^ psnm and anhydrite. 

Magnesium, another metal, is not met with unconduned, but its oxide oiciira not 
infrequently in comhin.ation with (nibonic !.cid, sulphuric acid and silteiemid ; while, 
united to chlorine, m.tgiiesiuni is found aiuindantlv in the sea and in some ancient roek- 
.salt deposits. 

Sodium and PotOBsium, th.-two thi. f alkali nmtaU, aie only im t with in comliinntion 
with otlier elements. United tosilieie add the> are widely dilfu.sed imiong the .siheRte.s, 
and I'oniitiiK d w ith cliloi me they appeal as important memlicrs of the .saline eon.stitiieiita 
of tho sea. .as well as in the deposits of rock-.sall within the eailli's erust. 

The foregoing eight tb-ments fmm together abcuit 9!» pei tent ot tlie crust. It will 
be seen tliat even the most abundant of the rem.iining eleiiient.s enurnetated in the table 
exists III siieli small qniintity as not to amount to as much as tho lialf of one per cent, 
while the others arc found in still more minute jiropoitions. The most important of 
them apjK'ars to be Titanium. • 

Titanium doe,s not occur native. ,\s an oxide it forms the minerals anatase, 
biookite and rutile. Hut its prevalent aHSoeiation is with non as titinie iron, (KeTiy >g, 
in which form it i.s present m many igneous rocks MiasaltH and otbei ba.sie ma.sscH), and even 
111 the ferrous caibonatcs whn b occur among the stratified loiinaf ion.s and an* employed as 
ores of iron, for it is found in biilliant aggieg.ates in the linttom slags of smeltii'g furnaces. 

Hydrogen has lieen found in u free state at vole.inic vents, and ha.s been detected in 
notable quantities enclo.sed in the niiimte poies or cavities of many igneous roeks of all 
ages. Thus in a gabbio fiom the Li/.ard, (Virnwall, it has been oblaiiu d to the amount 
of SIX times the volume of the enelosing locks It lias been found occluded in meteorites. 

It chiefly occurs, however, in coniliination with oxygen as the oxide, water, of whieli it 
forms 11T.1 percent by weight; (,fso in combination with caibon as the hydrocarlxins 
(mineral oils and gases). 

* R. A. F. Penrose, .jnn., ‘‘The ChcinicAl Relation of Iron and Mang.'ineRe in Sedi- 
mentary Rocks,” Journ. (/eol. i. (1893), p. 356. 

^ Dr, W. A. Tilden, Pror. Roy. Soc. lx. (1897), p. 453. 
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Carbon U the fundamental element of organic life. In combination with oxygen it 
forms two oxides — carbon monoxide (CO), a gas which has been found in some quantity in 
tile minute pores of igneous rocks; and carbon dioxide (CO,), which is a universal and 
powerful geological agent. Combined with hydrogen it yields methane, marsh-gas or fire- 
damp (CHJ, which has been likewise found to be present in the microscopic cavities of 
igneous rocks. Compounds of carbon with hydrogen, as well as with oxygen, nitrogen and 
sulphur, form the various kinds of coal. Carbon-dioxide is present in the air, in rain, in 
the sea and in ordinary terrestrial waters. This ojdde, being soluble in water,* gives rise 
to a dibasic acid termed Carbonic Acid, COiOHl, or H,CO„ which forms carbonates, its 
combination with calcium having been instrumental in the fonnation of vast masses of 
•olid rock. Carbon-dioxide constitutes a fifth part of the weight of ordinary limestone. 

From the detection of marsh-gas and carbonic acid in considerable quantities 
imprisoned within the minute pores of igneous rocks, and from the abundant escape of 
hydrocarbons in the gaseous and liquid form from beneath to the surface in so many j>arts 
of the wor,ld, the opinion has been formed that these emanations do not proceed, as has 
generally been supposed, from the decomposition of coal or other sedimentary material 
of carbonaceous composition and vegetable origin, but rather point to the existence of vast 
quantities of (Mi boii combined in the interior of the earth with such metals as iron and 
manganese. Water descending from the surface and reaching these carbides, which arc 
readily decom{) 0 .sablo by water, one class of them even at ordinary temperatures and 
pressures, would give rise to tlio oxidation of the metals, to the proiluction ofhydio- 
carlxjns, both gaseous ami liquid, ami to the evolution of carbonic acid as the ultimate 
stage of altoraiiun.'* 

Phttiphorus is not met with in the free state, but is widely dillused in nature eorabiued 
with oxygen and calcium as calcium pliospliate, which in small quantities appeals in many 
orystalline rocks (apatite), lly the ilecay of these rocks it is furnished to the soil, and 
becomes an irnportaiit ingredient in plant- structures, and enters largely into the 
composition of mammalian bones. It is found in la}«rs and ikmIuIcs in many sedimentary 
rocks (phosphatic chalk, ooprolites, &c. ). 

Manganese is another of the widely diffused metals which are never found in the 
native state. In comhination with oxygen it yichls a scries of oxides, some of which 
occur as indeirendent minerals. It is present in minute quantities m other minerals, and 
can bo detected in many rocks. Referonct* is made on p. 97 to some of these occurrences. 

Sulphnr occurs uncomhiued at some volcanic vents and in occasional sedimentary 
depohits, like those of Sicily and Naples, to lie afterwards descriheil ; but much more com- 
monly in union with iron and other metals as sulphides ; and in Comhination with oxygen 
as sulphuric acid, 11^80^, in sulphates of lime, magnesia, Ac. lu the form of gypsum, 
aalcium sulphate becomes an important rock builder among eerUiii groups of deposits. 

Barium, never mot with iiiicorabincd, is chiefly found in the form of a sulphate, 
kuow'ii as barytes or heavy spar, of frequent occmrenco in mineral veins and tilling cavities 
in rooks into which it has been intro<iuc.ed by infiltration. The carbonate, witherite, is 
not 80 abundant, and the element occurs in still smaller quantitie.s in a mimbei of 
minerals, in some mineral waters, arul in the sea. 

Strontium, like barium, does not occur in the free state, hut is not very rare combined 
with sulpluirio acid as the .sulphate called celestine, and with carlHin-dioxido as the 
enrbonato or stroutianite. Minute admixtuies of strontium aie likewise jiroseiit in somo 
other minerals (caloite, aragonite, and limestone), and in the water of some sp-ings and 
of the sea. 

*-One volume of water at 0” C. dissolves 1*7967 volumes of carbon-dioxide ; at 15° 0. 
Um amount U reduced to 1 0020 volumes. 

• MendelejelTs ‘ Principles of Chemistry,’ i. p. 364 ; H. Moissan, Proc. Hoy. Soc. lx. (1897), 
p. 156 ; Tilden’s paper above cited, and W. Ramsay, Proc. Ray. Soc. xl. (1897). This sub* 
jaet is again referred to at p. 142, and will be further discussed in Book III. Part I. Sect. i. § 5, 
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ndwl ii • metal which appears in variable proportions alloyed with native iron in 
meteoritee, and alao in the native iron found fn some terrestrial volcanic rocks. It 
occnrs in oonibmation with other elements in varioiu minerals and ores, such as niokeline 
or kupfer-nickel, nickel-glance, millerite, nickel-oohre, garnierite, Ac. 

C^mium is one of a distinct group of metals which furnish acid -forming trioxides 
that yield well-marked salts. It is not met with in the free state, but ocourii as a 
constituent of various minerals, particularly in chromite or chromic iron, and as the 
green colouring material of others, as in the emerald, and some micas and serpentines. 

Lithtnm, another of the alkali metals, is the lightest of all known solid substances, 
but it does not occur native. It is found in combination with phosiihaUia and silicates in 
several minerals, and minute proportions of it arc present in many natural waters. 

Chlorino does not occur in nature in a free state, but apj«*ars abundantly in combina- 
tion with the alkali metals, in the form of the chlorides of sodium, potassium and 
magnesium, which are such characteristic constituents of sea-water. These compounds 
are likewise met with in ancient rock-salt deposits. On a comparatively trifling scale 
this eloraent also occurs in combination with metals in different minerals, as with iron, 
lead, silver and copper. 

nuorine is an element so much more active than all the others that it combines with 
every one of them, save only oxygen. Until recently it had resisted all tbe attempts of 
chemists to isolate it, but this separation has at last been effected by M Alois.san of Pans, 
who has fouml it to be a {lale yellowish-green gas which becomes liquid at a temi>orature 
of about - IS? ' C.* Its most familiar combination in nature, is with calcium (Huor-8i>ar), 
but it occurs also with aluminium and sodium (cryolite) and in othei mimrals. Traces 
of its presence have been detected in the water of many mineral springs and of tbe sea, 
and likewise in the structure, esjiecially the bones and teeth, of mammals. The re- 
markable researches of M. Moissan have demonstrated such an extraordinary chemical 
activity of this element with regard to the metalloids, metals and even organic coinjmunds, 
that the pre.sencc of fluorine, even if only in minute profiortions, may l)c looked for in 
any terrestrial substance. 

Of the elements hero enumerated the comhinations which enter most 
largely inU) the composition of tlie earth’s crust can best he determineil 
from tho collation of a sufficiently largo number of chemical analyses of 
the more rejiresentative rocks of the earth’s crust. Such a determination 
has been made by Mr. F. W. Clarke from the mean of 830 analyses of 
typical samples from the older or primitive part of the crust, and is 
expressed in the subjoined table,^ 


Silica (SiO.^) 

. 69-71 

Alumina (AljOj) 

. 15-41 

Ferric oxide (FejOj) 

. 2-63 

Ferrous oxide (FeO) 

. 3-52 

l.ime (CaO) 

4-90 

Magnesia (MgO) 

4-36 

Potash (KjO) , 

. 2-80 

Soda (NajO) 

. 3-66 

Water (H,0) . 

1 52 

Titanic acid (TjOj) . 

. 0-60 

Phosphoric acid (PgOj) 

0-22 

• 

99-22 


^ * Fluor et ses Compos^ea,’ Paris, 1900, pp. xiL 897. 

* Bull. U. S, Q. S., No. 168 (1900), p. 14. According to this ennmeration all the other 
ooubinationa of the elements form considerably lest than one per cent. 
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In a broad view of the arrangement of the chemical elements in the 
external crust, the speculation of Durocher may be noticed here.^ He 
regarded all rocks as referable to two layers or magmas co-existing in 
the earth’s crust, the one beneath the other, according to their specific 
gravities. The upper or outer shell, which he termed the acid or 
siliceous magma, cont/uns an excess of silica, and has a mean density of 
2*65. The lower or inner shell, which he called the basic magma, has 
from six to eight times more of the earthy bases and iron-oxides, with a 
mean density of 2'96. To the former he assigned the early plutonic 
rocks, granite, felsite, &c., with the more recent trachytes ; to the latter 
he relegated all the heavy lavas, basalts, diorites, itc. The ratio of silica 
is 7 in the acid magma to 5 in the basic. The proportion of silicic 
acid or of the earthy and metiillic bases- cannot, however, be regarded as 
any certain evidence of the geological date of eruptive rocks, nor of their 
probable depth of origin,-^ 

Sect. 11. Rock-forming Minerals.^ 

Chemical analysis has revealed the numerou.s combinations in which 
the elements are united to form minerals and rocks. Considerable 
additional light has likewi.se b<;en thrown on the sul)ject by chemical 
synthesis, that is, by artificially producing the minerals and rocks which 
are found in nature. The experiments have been varied indefinitely so 
as to imitate as far as possible the natui-al condition.s of production. 
Further reference to this subject w'ill be found on pp. 398-430. 

Although every mineral may bo made to yield data of more or less 
geological significance, only those minerals need be referred to here which 
enter as chi<‘f ingredients into the composition of rock-ma.s.scs, or which 
are of frequent occurrence as accc.ssories, and special note may be taken 
of those of their characters which are of main interest from a geological 

^ Ann. lUs Mhifi, 1857. Translated by Haughton, ‘Manual of fleolojiy,’ IStJfi, p. 16 

® In Book III. Part I. Sect. i. § 4, the sequence of volcanic rocks i.s discussed. 

* There is now an extensive literature of petrography, and nunierou.s te.xt -books in 
different languages have been publi.shed. Some of these deal with rocks a.s a whole ; others 
treat more specially of their chemical or mineralogical or microscopic characters* Of general 
works of reference which deni with all sides of the subject, by far the most impoitant is the 
‘ Lehrbuch der Petrographie,' by Professor Zirkel of Leipzig, the second e<lilion of which has 
appeared in three massive volumes. The following list comprises some of the more historic 
ally Interesting or generally usetul trenti-ses : — Pinkerton, ‘Petrology,’ London, 1811. J. 
Macculloch, ‘A Geological t'lassilication ot Rocks, Ac.,’ London, 1821. K. von Leonard, 

* Charaoteristik der Folsarten,’ 1823. B. von Cotta, ‘Rocks Classified and Described,’ 
translated by I*awreiice, London, 1866. Senft, ‘Classification der Folsarten,’ Breslau, 
1867; ‘Die Krystalliiii.sclieii Felsgeiuengtheile,' Berlin, 1868. Kenngott, ' Eleniente der 
Petrographic,’ Leipz. 1868. A, von Lasaulx, ‘Eleniente der Petrot^raphie,' Bonn, 1875. 
F. Butley, ‘The Study of Rocks,’ London, 1870. E. Jannottez, ‘Les Roches,’ Pafis, 1884. 
S. Hussak, ‘Anleituiig der Gesteinbildeuden Mineral ien,’ Leipzig, 1885. A. Harker, 
‘Petrology for Students,’ 2nd edit., Cambridge, 1897. D. Qonzalo Moragas, ‘Genesis de las 
Booas,’ Madrid, 1898. Works treating more particularly of the chemical side of petro- 
graphy are cited on pp. 116-1] 9 ; those doling in detail with the microscopic character of 
rooks at pp. 119, 140-157 ; those devoted to nomenclature and classification at pp. 157, 
195-203. 



BMOtii 


ROOK‘FOMtm MINERALS 


89 


point of view, such as their modes of occurrence in relation to the 
genesis of rocks, and their weathering as indicative of the nature of rock- 
decomposition. 

Minerals, as constituents of rock.s, occur in four conditions, according 
to the circumstances under which they have Wen produced. 

(1.) Crystalline^ as {a) more or less regularly defined crystals, which, 
e.vhihiting the outlines proper to the mineral to Inch they hclong, are 
said to be uhomorphic or automorphic : {h) amorphous granules, aggrega- 
tions or crystalloids, having an internal crystalline structure, in mo.st 
cases easily recognisable with jiolarised light, as in the quartz of granite, 
and an external form which has been determined by contact with the 
adjacent mineral particles ; such crystalline binlies wdiich do not exhibit 
their proper crystalline outlines are said to be allot) iimoiphir or .>rno- 
morphic ; (c) “crystallites’’ or “ niicrolites,” incipient forms of crvstallisa- 
tion, w'hich are described on p. 148. The crystalline comlition may arise 
from igneous fusion, aqueous solution, or sublimation.^ 

(2.) Gld.'isy or rit)wus, as a natural glass, usually including either 
crystals or crystallites, or both. Minerals have assumed this condition 
fiom a state of fusion, also from solution. The glass may consist of 
several minerals fused into one homogeneous substance. Where it has 
a.s.sumed a lithoid or stony structure, these component minerals cr}sUdlise 
out of the glassy magma, and may be recognised in various stagc.s of 
growth {poM>>a, pp. 14 1-1 a 7) 

(3.) Colloid, as a jelly-like though stony substance, deposited from 
aqueous solution. The most abundant mineral in nature which takes 
the colloid form is silica. Opal is a hardened colloidal condition of this 
substance. Chalcedony, doubtle.ns originally colloidal silica, mov unites 
the characters of quartz and o|)al, being only })artiHlly soluble in cau.stic 
polish and partially converted into a finely fibrous, <loubly-refiacting 
substance. 

(4.) Amorphoaa, having no crystalline structure or form, and occurring 
in indefinite masses, granules, streaks, tufts, stainings, or other irregular 
modes of occurrence. 

A mineral which has replaced another and has assum(!<l the external 
form of the mineral so replaced, is termed a pMuduinorph. A mineral 
which encloses another has been called a JWiinorpk ; one enclosed within 
another, an Endomorph. 

Essential or aceessory, original or serondarif inuorols. — A mineral is an 
essential ingredient when its absence would so alter the ch-aracter of a 
rock as to make it something materially diflerent. I’ko (juartz of granite, 
for example, is an essential constituent of that rock, th(‘ removal of which 
would alter the petrographical species. A mineral is siiid to be accessory 
when its absence would not change the eHsential character of the rock. 
All essential minerals are oiuginal constituents of a rock, but all the 
original constituents are not essential. In granite, such minerals as 
topaz, beryl, and sphene often occur under circumstances which show 
that they crystallised out of the original magma of the rock. But they 

^ For the microscopic characters of minerals and rocks, see p. 140. 
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form 80 trifling a proportion in the total mass, and their absence would 
so little affect the general character of that mass, that they are regarded 
as accessory, though undoubtedly original and often important ingredients.' 
Again, in rocks of eruptive origin, the essential ingredients cannot be 
traced back further than the eruption of the mass containing them. They 
are not only original, .is constituents of the lava, but are themselves 
original and non-derivative minerals, produced directly from the crystal- 
lisation of molten minerals ejected from beneath the earth’s' crust, 
though, as M. Michel L^vy has shown, the debris of older minerals may 
sometimes bo traced amulst the later crystals of massive rocks.* In 
rocks of a«pieou 8 origin, however, there are many, such as conglomerates 
and sandstones, where the component minerals, though original ingredients 
of the rocks, are evidently of deri\ ative origin. The little quartz-granules 
of a siiuilstone, for example, have formed part of the rock ever since it 

accumulated, and are ifs essential constituents. Vet each of these 
once formed part of some older rock, the destruction of which yielded 
materials for the ])roduction of the sandstone. Again, the minute 
crystals of zircon, rutile, tourmaline, magnetite and other heavy minerals 
so often bmnd in sancis, clays, sandstones, shales and other sedimentary 
deposits, have been derived irom the degradation of older crystalline 
rocks. 

The same mineral may occur both as an original and as a secondary 
constituent. Quartz, for example, appears every wliero in both conditions; 
indeed, it may sometimes be found in a twofold form even in the same 
rock, though there is then usually some difference between the original 
and secondary quartz. A quartz fclsite, for instance, alnmnds in original 
little keriKils, or in double jiyramids of the mineral, often enclosing fluid 
cavities, while the secondary or acciilenUd foirns usually occur in veins, 
reticulations, or other irregular aggregates. In some cases, however, as, 
for example, in sandstones, the secondary (juartz has been deposited in 
optical c<)ntimuty with that of the original grains, so as to build up new 
faces and terminations (p. Ihb), 

Accessory luinends frequently occur in cavities where they have 
had some riHun to crystallise out from the general mass. The “drusy ” 
cavities, or open sjuiees lined with well-developed crystals, found in some 
granites are goixl examples, for it is there that the non-essential minerals 
are chiefly to be recognised. The veins of segregation found in many 
crystalline rocks, jiartioularly in those of the granite series, are further 

* Some of the " acoes-sory ” minerals may be of great imiwrtance as iuJicative of the 

cojuiitlons tiinler whu-h the rock wa-s formed. It is not always i>o8.sible to discriminate 
l)etween es.se)itial and acc«».soiy ingi-edienls in rocks, while some minerals once thought to 
be secondary have been a.scertalued to lie original constituents. * 

* Bidl. S. O. F. 3rd ser. in. 199. See also Fouqu^ and Michel -l,4vy, ‘Mim-ra- 
logie Micrographique,' p. 189. Some eruptive rocks abound in corrotled or somewhat 
rounded or broken crystals which obviously have belonged to some previous state of con- 
solidation. Such cry.stals, which are obviously more ancient than those fonning the general 
maes of the rock, have been called allogenic, while those which belong to the time of formation 
of the rock, or to some subsequent change within the rock, are known as authigmic. 
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illustrations of the original separation of mineral ingredients from the 
general magma of a rock (see p. 205). 

In some Ciises minerals assume a concretionary shape, which may be 
observed chiefly though not entirely in rocks formed in w'ater. Some 
minerals are particularly prone to occur in concretions (j). 1 35). Siilerito 
(ferrous carbonate) is to be found in abundant laxlules, mi.xod with clay 
and organic matter among consolidated muddy dojwsits (p. 187). ('alcite 
(calcium-carbonate) is likewise abundantly concretionary (pp. 176, IIH)). 
Silica, as chert and flint, apiiears in calcareous formations in irregular 
concretions, derived mainly front the remains of marine organisms (pp. 172, 
625). Phosphatic and glauconitic concretions arc als*) common (pp. 
180, 181, 626, 627). 

Secondary minerals have been develojied as the result of .subscipient 
changes in rocks, and are almost invariably due to the elieinical action of 
percolating water, cither from above or from below. Occurring under 
circumstances in which such water could act with eflect, they aro fimml 
in cracks, joints, fissures and other divisional planes arnl e^avities of rocks, 
especially in the minute intersjMices between the compommt grains or 
minerals. Subterranean channels, fre<piently several feet or even 
yards wide, have been gradually filled up by ihe deposit of mineral 
matter on their sides (see the Section on .Mineral Veins). The eavities 
formed by expuiding steam in ancient lava.s (amygdaloids) have ofl’ered 
abundant opp^irtunities for deposits of this kind, and have accordingly 
been in large measure occupied by secoiulary minerals (amygdales), as 
calcite, chalcedony, (juartz and zeolites. 

Ill the fol!t)\vmg list of the more imporUmt rock forming inim'rals, 
attention is drawn mainly t(> tho.se of their featnies that possess geological 
iinportiinee ; the physical, chemical and inieroscopic characters of these 
minerals will be found in a text-book of mineralogy or petrography. 
Roferenee is therefore made here to features of inure jiarticular hignifi 
cance to the geologist, such as nnMles of occurrence, whether oiigiiml 
or secondary ; modes of origin, whether igneous, aipieous, or organic ; 
pseudomorphs, that is, the various minerals whuh any given mineral has 
replaced, while letaining their extmnal forms, ami likewise those which 
aixj found to have supplanted the mineial in (piestion while in the same 
way retaining its form — a valuable clue to the inUTiial chemical changes 
which rocks undergo from the action of percolating water (Hook III. 
Part H. Sect. ii. 1 and 2), and lastly, characteristics tir jioculiarities 
of weathering, where any such exist that deserve H|K*cial mention. 

1. Native ri.kments are coinjxiratively of raro o<'currenre, and only two of them, 
Carbon and Sul]»!iui, ocr.uiionally play the |«rt of mdoworlliy ewoitial and atcessory 
constitue|itB of rocks A few of the native metals, more esjiecially citpjxT and gold, now 
and then appear in sufficient quantity to constitute commercially important ingredients 
of veins and rock -masses. « 

Carbon occurs uucombiiieil in two forms tbe Diamond and tiraphite. 

Diamond. — Thi.s gem is of much geological interest in regard to its origin ami its 
bearing upon the history of the carbon in the earth's cruat. It has chieHy been obtained 
from alluvial deposits derived from the degradation of various crystalline rocks, but is 
now found in the matrix of certain volcanic agglomerates in South Africa, where, however, 
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it occurs as one of the constituents derived from the explosion of ignepua material 
at some depth beneath the surface. Recently the mineral lias been detected by Professor 
Bonney in an cclogite fragment from the agglomerate, which is thus found to be here its 
fiarent-rock.i By a series of carefully devised experiments, M. Moissan-has succeeded in 
producing small diamonds artificially by fusing iron rich in carbon under pressure, 
and allowing it to cool, when the excess of carbon 8e[)arated in minute clear crystals. 
Subsequently Dr. Friodlunder fused a piece of olivine in a gas blow-pipe and stirred it 
with a little roil of graphite. After solidification the silicate was found to contain a 
great riiuiiy microscojiio crystals whicli, from their octahedial ami tetrahedral forms, and 
their characteristic behaviour with reagents, be concluded to be diamond.’* 

Graphite occurs crystallised in small hexagonal jdates, more fiequently m foliated 
lumps and bands, or in compact aggregates (graphitite), or in dull massive and even 
earthy vaiicties (granitoid). It is found in ancient crystalline rock.s, as gneiss, mica- 
Hohist, granite, Ac. ; some of the Laurentinn limestones of Canada being so full of the 
diffused mineral as to be profitably worked for it. lii some instances coal and coal-])lant8 
have been obsorv(d changed into giaphite by intrusive igneous rocks (gianitc, gneiss, 
basalt), as in the Carhoniforous rocks of the eastern and central Alps, and in the coal-field 
of Ayrshire. Among ancient crystalline, especially ciuptivc, rocks and in meteorites, its 
presence nny be <liie to the decomposition of metallic carbides, Graphite may fre- 
(pieiitly be oliservcil as a kind of black dust aggregated in the centre of minerals that 
have been developed in a sedimentaiy rock (shale, slate, Ac.) by contact metamori»hi8m, 
as ill andaliisite and chiastolite, and sometimes in ([uartz and garnet. Occasionally it 
occurs as a pseudomorph after calcite and pyrites, and sometimes encloses f>[)liene and 
other minerals.’' 

Sulphur occurs in a native slate, Ist, as a product of vob anic action in the vents and 
fissures of active and doimaiit cones. Volcanic sulphur is formed from the oxidation of 
the sulphuretted hydrogen, so copiously emitted with the steam that issues from volcanic 
vents, as at the typical 8olfatara, near Naples. It may also bo produced by tin* mutual 
deconi|H)8itioii of the same gas and anhydrous .sulphuric acid. 2ml, in beds and layers, 
or diffused particles, resulting fiom the alteration of previous minerals, particularly 
sulphates ; 8rd, in some mineral springs through the decomposition of the sulphuretted 
liydrogen in the thermal water. When formed at high lempciatures, as in solfataras, 
this ininerul probably crystallises at lir.st in moiiocliiiic forms, but these aie unstable and 
subsequently paa.s into the usual orthorhomluo fornus in which natural sulphur is found. 
These natural crystals molt at a temperature not much above that of boiling water 
(238'1'’ Fahr.). The formation of sulphur may bo oliserved in progress at many 
sulphureous springs, where it falls to the bottom as a pale mud through the oxidation of 
the sulphuretted hydrogen in the water. The mineral occurs in Sicily, Spain and else- 
where, in beds of bituminous limestone and gypsum. These stiata, sometimes full of 
remains of fresh-water shells and plants, are interlaminated with sulphur, the very shells 
being not infrequently replaced by it. Here the presence of the sulphur may bo traced 

* See M. Chaper, ‘Sur la Region diainantift'‘re de I’Afriqiie australe, ’ Paris, 1880; 
L. l)e baunay, ‘ Les Diamnuts d« Cajs’ Paris, 1897 ; Max Bauer, ‘ F/ielsteiiikuiule,’ Leipzig, 
189(1 ; H. Carvili Lewis, * Papers and Notes on the Genesis and Matrix of the Dianiond,’ 
London, 1897; Professor Bonney, (reid. Mag. 1895, p. 492 ; 1897, pp. 448, 497; 1899, 
p. 809; 1900, p. 246; and /'roc. /toy. &k. Ixv. (1899), p. 228; Ixvii. (1900), p. 476; 
0. K. Derby, “Brazilian Evidence on the Genesis of the Diamond," Juvrn. OevL vi. p. 121. 

» Ged. Mag. 1898, p. 226. , 

’ Voin Rath, Silzungsb. lF»c». Akad. x. p. 67 ; Sullivan in Jukes’ ‘Manual of Geology,’ 
Srd edit. (187‘2). p. 72 ; E. Wein-schenk, Abhandl. Akad. Munich, ii. cl. xix 2^ Abth. (1897). 
Op. cit. 1900. Compifs rtndw du Congris Otd. Intemat. Paris, 1901, i. p. 447 ; 
JSeitsch. prakt.^Oeol. 1900, pp. 36, 174 (see also posUa, p. 186v and Book III. Part I. 
Sect. i. § ‘2). 
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to the reduction of the c«lcium-8ulphate to the state of sulphide, through the action of 
the decomposing organic matter, and the subsequent production and decomposition of 
sulphuretted hydrogen, with consequent liberation of sulphur. ‘ The .sulphur deposits of 
Sicily Ibrnish an excellent illu.stratiou of the alternate dejMisit of sulphui and limestone. 
They consist mainly of a marly limestone, through which the sulphur is partly dis- 
seminated and jiartly interstratified in thin lamina' and thicker layers, some of which ai'e 
occasionally 28 feet deep. Below these deposits lie older Tertiary gypseous formations, 
the Jecomiiosition of wliich has probably produced the dcimsiU of sulphur in the 
overlying more recent lake ba.sins.- The weathering of sulphur is e.\em]»lilled on a 
considerable scale at these Sicilian deposits. The mineral, in presence of limestone, 
oxygen and moisture, becomes sulphuiic aci»l, which, combining with the limestone, 
forms gypsum, a curious return to what was probably the original siib.stanco from the 
decomposition of which the sulphur was derived. Hence the site of the outcrop of the 
sulphur beds is marked at the surface hy a white earthy rock, or “ borscale,” which is 
regarded by the miners in Sicily to be a sure indication of sulphur underneath, as the 
“gossan" of Cornwall i.s indicative of underlying motalliforous veins.* 

Iron, the nioStimpoitant of all the metals, is chiefly found native in blocks which have 
fallen as meteorites, also in grains or dust enclosed in liaiLstoncs, m snow of the Alps, 
Sweden and Siberia, and in the mud of the ocean floor nt lemote distances from laml, 
Thert' can bo no doubt that a small but constant supply of native iron (cosmic dust) is 
falling upon the earth's sui face from outside the teircstrisl atmosphere.* This iron is 
allowed with nickel, and contains small (juantities of cobalt, copper and other ingredient. s, 

Tlicrecan be no doubt, however, that native non occuisas a terrcstiial miner.d, though 
somcwliat rarely found. Half a centuiy ago (1802), Dr. AikIk-ws showed that native 
iron, in iniiiute .spicules or gianulcs, exists in some basalts and other volcanic rocks,® 
and iMr, J. Y. Buchanaii has detected it in appicciable quantity in the gabhto of the 
we-t of Scotland. It occurs also in the basalts of Bohemia and Greenland." It has 

' Hr.imi, Hull. S. (i. F., si'r xii. p. 171. 

^ Mt-m. Rf'nl CuDut. (I’ml. d'Huluu l. (1871). 

^ Journ, S<i< . Art.i, 187:J, p. 17u. K f-cdoux, -!///< 'As d/no ., 7 '^’'^' mt. vn p. ]. The 
Suiiiaii siilpluir Ijcds belong to tlie Oeiiitigen ^luge of the I'pjMi Teitnuy dej>ohits. They 
contain nmnerous ['lants ami some inseits. If T. (iejlei, J‘iihifitti»fi,ip/,ica, xmu. Lief, 9, 

]n 317 Von l.asaulx, AV//as .Jalnh 18751, p. 4W. A. Sfelhi. Hull. . Heol. Rat. xix. 
.1900), p. 6514. It inaj be added lh.it sulphur is hoinetnne-s found assot laled with oipiment, 
re.algar and many other miiui.ds as a lesiilt of llic sponluneous ignition of coal-seams. 
L.uroi\, ‘Mineralogie do la France,' tome n. p. 308. 

* Hie EhrenlKTg, Fionqtn K» b. 1846. Nnrdeiiski-dd, tymptes n'tiths, hxvii. 

p. 463, Ixvviii. 236. Tissandier, ojj.ctl. hxviii. ]<. 8‘Jl, Jxx\. p. 5.8, hxxi. p. .576. .See 
Gxv, (1872). p. 08.3. Yung, /<»'//. .'>«■. Vomltuse Sn. A<it. fl876i, xiv. ji. 193. Runyard. 
Moiilh/i/ Asf/oii. .S'l xxxix (1S751), p. 161. T. L I'liijcson, Coin/itrs rend. Ixxxiii. 

p. 361. A (.'ommittce of the Rritisft .\ssoiialion was apianiiU'd in 1880 to iinestigiite the 
subject of cosiidc dust (See its lepoifs lor 18.81 83,; Murray and Keuurd, yVoc. Roy. 
•St«c. Eihn. 1884. RejH>rt of OutUetKjer Fi jn-ildi-oi, “Beep Sea Iieposits," and "Narratno 
of the Cruise of H.M..S. Challeoi/i > n. p. b09 il8.‘^5). Tfiis cosmic dust is further leferreil 
to, posten^ jj. 584. Rut. Rep 1.852, pontea, p, 157. 

“ Nordeiiikiold described fifteen blocks of iron on the islami of Diwo, Greenland, Iho 
Weight of tlie two largest t>eing 21,000 and 8000 kilograniines (20 and 8 tons, resjieetively). 
He observed that at tlie same locality, the i*iderlyiiig ba.salt coiiiams lenticular and diKc-slmf>ed 
blocks of precisely similar iron, and lie inferred tfi.at tlie whole of the Idocks may lieloiig to a 
meteoric shower winch fell during the time (Teiliaiy) when the liaxalt was [mured out at tlie 
surface. He dismissed the suggestion that the iron could [loiwibly lie of telluric origin {Oevl. 
May. ix, 1872, p. 462 ; Vompt. rend. 1893, p. 677). But the tiiicroaco]>e reveals m thu liaxalt 
the presence of muiute particles of uative irou which, associated with viridite, are moulded 
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Iron Oxides.— Four niinerals, comitosed mainly of iron oxides, occur abundantly 
as essential and Accessory ingredients of rocks : Hsematite, Limonite, Magnetite, and 
Titanic iron. 

Hmnatite (Fer oligiste, Rotheisonerz, Eisenglanz, Fe-P^^TeTO, 030) in the crystal- 
lised form occurs in veins, as well .as lining cavities and fissures of rocks. The fibrous 
and more common form (which often has portions of its mass passing into the crystallised 
condition) lies likewise in strings or veins ; also in cavities, which, when of large size, 
have given opportunity for the deposit of great masses of luematite, aa in cavernous 
limestones (Westmoreland). It occurs with other ores and minerals as an abundant 
component of mineral veins, likewise in beds interstratihed with sedimentary or schistose 
rocks. Scales and specks of opaque or clear bright red liaematite, of frequent occurrence 
in the crystals of rocks, give them a reddish colour or peculiar lustre (perthite, stilbite). 
Hcematite appears abundantly as a product of sublimation in clefts of volcanic cones and 
lava streams, and it is found as an accessory constituent in some eruptive rocks. But it 
is probably in moat cases a deposition from water, resulting from the alteration of some 
previous soluble combination of the metal, such as the oxidation of the sulphate. It 
occurs in veins and beds, and as the earthy pigment that gives a red colour to sandstones, 
clays and other rocks. It is found pseudomorphous after ferrous carbonate, and this 
has probably been the origin of beds of red ochre occasionally intercalated among 
stratified rocks. It likewise replaces oalcite, dolomite, quart/, barytes, pyrites, 
magnetite, rock-salt, fiuor-.spar, &c. 

Limonite (Brown iron ore, ‘2Fc./)., + 3H.jO — 85'56, Hp 1 4 ’4 4) occurs in beds 
among .stratified formatioms, an<l may be seen in the course of deposit, through the action 
of organic acids, on niarsh-laml (bog-ii on-ore) and lake-bottoms. (Book IV. Part II. 
Sect. lii. ) In the form of yellow ochre, it is precipitated from the waters of chalybeate 
springs containing green vitriol derived from the oxidation of iron-sulphides.* It is a 
oomniori decomposition product in rocks i-oiituiiiing iron among their constituents. It 
is thus always a seccmdaiy or derivative substance, resulting from chemical alteration. 
It is the usual pigment which gives tints of yellow, orange and brown to rocks, The 
pseudomorphou.s forms of limonite show' to what a largo extent combinations of iion are 
carried in solutum Ihroiigli rocks. The mineral has been found replacing calcite, sidcrite, 
dolomite, lucrnatite, magnetite, pyritc, marcasite, galena, blende, gypium, barytes, 
fluor-spar, pyroxene, quartz, garnet, beryl, &c. 

Magnetite (Fer oxydult\ Magneteisen. FcjO^) occurs abundantly in some schists, in 
scattered octohedral crystals ; in crystnlliiic massive rocks like granite, in diffused grains 
or minute cry.stals : among some schi.st.s ami gneisses (Norway and the eastern states of 
North America), in massive beds ; in basalt and other volcanic rocks, as an essential 
constituent, in minute octohedral crystals, or in granules or eiystallites. It is likewise 
found as a pseudomorphous secondary prcnluct, resulting from the alteration of aome 
previous mineral, as olivine, luematite, pyrite, quartz, hoinbleiide, augite, garnet and 
sphetio. It occurs with luematite, Ac., a.s a product of sublimation at volcanic foci, 
where chlorides of the metals in pioseiico of stetun me lesolved into hydrochloric acid and 
anhydrous oxides. It may thus result from cither aqueous or igneous operations. »It 
is liable to weather by the reducing effects of decoiiqmsing organic matter, whereby 
it becomes a carbonate, and then by exposure passes into the hydrous or anhydrous 
peroxide. The magnetite grains of basalt-rocks are very generally oxidised at the 
surface, and sometimes even for some depth inward. ' 

Titanic Iron (Titaniferous Iron, Menaocanito, Ilmenite, For titane, Titaneisen, 
FeTjOa) occurs in scattered grains, plates and crystals as an abundant constituent of 
many crystalline rocks (basalt-rocks, diabase, gabbro and other igneoms masses) ; also in 
veins or beds ui syenite, serpentine and metamorphic rocks ; * scarcely to be distinguished 


* Sullivan, Jukes' ' Manual of Geology,’ p. 63. 

* Some of the Canadian masses of this mineral are 90 feet thick and many yard.s in length. 
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from magnetite when seen in small ]>articleis under the microscope, but possessing a 
brown semi meUlUc lustre with reflected light ; resists corrosion by acids when the 
powder of a rock containing it is exjHiscd to their action, while magnetite is attacked 
and dissolved. Titanic iron frequently resists weathering, so that its black glossy 
granules project from s weathered surface of rock. In other ciises, it is decomposed 
eitlier by oxidation of its }>ruloxide, when the usual brown or yellowish colour of the 
hydrous ferric oxide apjiears, or by removal of the iioii. The latter is lielievcd to be 
the origin of a yieculiar milky white opaque substance, freqiientl v to be observed under 
the microscoiw, surrouiidiiig and even leplacing crystals of titanic iron, and named 
Leucoxeiie by (iumbel.' lu other cases the decomposition has resulted in the production 
of sphene.'^ 

Chromita (FeCroO^) occurs in black opaque grams and small octahedral crystals, 
not inirequently in altered olivine-rocks . a valuable mineral, as the source of the 
chrome juginciits, It is obtained fiotn Maryland. Xoith ( 'arolina, Norway, New South 
Wales, h ■' 

Spinels, a group of minerals, may be taken here. They are closely related to each 
otlitM, having cubic foiins and varying in composition from tna<jui'(i(t (see alK>ve) at the 
one end to line it-piiu'l (MgAh(\) at the other. They me not infre<iuent as minute grains 
(»r crystals iii some igneous and motainorjdiic rocks, being ajK-cially developed among 
the pridotites, where also they aie sometimes asso< iateil with the fiee oxide of aluminium 
(foriiinlutn ' Tiue spin,.! occurs in association with malarolite, coicolito and other 
imnei.il.s m the ery.stallme limestone ol (ileneig, .‘Scotland. Hetween magnetite aud 
spinel come nitermodiato varieties, as Chioinik (see above\ Pu'ot\*r^ JIrreynUe ami 
Ph uatufh . 

.M l.MiA.N K.sK OxiiiKs, as alic.oiy mentioned, aie frequently associated with those of 
iron in otdimuy rock-forimng imneials, but in auch minute piopoitiofts as to have bt*en 
generally neglected in analyses. Their pieseiice in the locks <»f a district is sometime! 
shown by deposits of the li\(li(>ns oxide in the forms of l*silumel.ine ( 11 , ^Mii 04 t- 11.^0) 
and Wad (.VInC\s- .\InO t These deposits sometinns fmni Idack or dark brown 

branching, plant like oi </, nilrifu- im{>ies.sions between the dnisional plaiiea of doge- 
grained looks (limestone, felsite, Ac.); sometimes tb<‘yapp(ar as accuimilations of a 
black or brown earthy sulsstaiico m hollows of rooks, occasionally ,is dejiosits iti marshy 
places, like those of bog-iroii-orc, and abundantly on some pails of the sea-floor.^ 

Silica I i-s. These einbiuce by far the largest and most important series of rock- 
forming minerals, seeing that by tlicmselves they constitute at least nine-tetiths of the 
terreatiial crust, and make up piactically all the locks cxcipt the sandstones, quartzites 
and carbonates.^ Tlieir chief groups are the anhydrous nliiminoua and imiguusian 

‘ 'Die i’alaolitische Eruptugestcine des Fu lilelgcbiio'* •>,’ 1S7I. p, 2b. .See Itosenbuacli, 
jViX. l^hysHXj. it, p. 336. De la Valine Pou>»iii uml Uenatd, (Jovman. Aciul. Jtoy, 

liflg., 1376, xl. Plate vi, pp, 34 and 35. Fouqin- and .Micliel L« \y, ' .Miui'ralogie MkrO' 
graph.’ p. 426. See poMea, p. 618. 

’■* The recognition of Titanic Iron m basic eruptive rock.s ha.s been the subject of prolonged 
investigation by Profevior J. H. L. Vogt of Christiania. See Ins pajs-rs in <irot. Fbrtn. 
rurfufiuU., Stockholm, 1891 ; Zatsch. P,akt. 1893. p. 6 , la94, p. 382 ; 1900, p. 233 ; 
1901, pp. 9, 180, 289, 327. 

* On th| oceiinence, origin and chemical conqtositioii ot Chromite, J. 11. Pratt, TroM, 
l)«cr. hut, Mia. Fag in. Febniary 1899. 

See the p«)>er of Mr. Penrose alrea^^ cited {ante, p. 8.5), mid ptutea, p. 585. 

* See the important rescarchea by F. W. Clarke and H A. Schneider, “ ExfierinieDts 
ipon the Constitution of the Natural Silicates,” Amtr. Jou, iyci. \1. (1890), pp. 303-312, 
05-415, 452-457 ; F. W. Clarke, “The Cheniical Stnutiire of the .Natural Silicate*,” 
iiUl. U. S. a. S. No. 60 (1890), p. 13, aud No. 125 (1895), p. 109. The last-cited paper 
1 specially deserving of the attention of the stinlmt. 
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tilieatea, embracing the FeUpu-n, Horablendai, Augites, Micae, &c., and the hjdroua 
ailicatea, which inoladc the Zeolite*, Ciaya, talc, chlorite, serpentine, &c. 

The family of the Felspars forms one of the most important of all the conatitnents 
of rocks, seeing that its members constitate by much the largest portion of the plutonic 
and volcanic rocks, are abundantly present among many crystalline schists, and by their 
decay have supplied a groat part of the clay out of which argillaceous sedimentary 
formations have been constructed. 

The felspars are usually divided into two series. Ist, The moiioclinic felspars, con- 
sisting of two species or varieties, Orthoclase and Ssnidine; and 2nd, The triclinic 
felspars, among which, as constituents of rocks, may be mentioned the potash species 
micrucline and the group of the plagioclase felspars comprising albite, anurthite, oligo- 
clase, andeaine, and labradorita.' 

OrthoolAM (Orthose, K 3 O ld‘89, AL^O, 18*43, SiO^ 64*68) occnrs abundantly as an 
original constituent of many crystalline rocks (granite, syenite, rhyolite, gneiss, Ac.), 
likeM'ise in cavities and veins in wliicii it has segregated from the surrounding mass 
(pegmatite) ; seldom found in unaltered sedimentary rocks except in fragments derived 
from old crystalline masses , generally assuciutcd with quartz, and often with hoiiibleiide, 
while the felspars loss rich in silica inure larely accompany fiee quartz It is an 
original constituent of plutonic and old volcanic rocks (granite, felsite, Ac.), and of 
gneiss and various schists. A few examples have been noticed where it has replaced 
other minerals (prohnite, analoime, laumontite). Uiidei the microscope it is recognisable 
from (piartz by its characteristic rectangular forms, cleavage, twinning, angle of 
extinction, turbidity, and frequent alteration. Orthoclase weatlicis on the whole w'itli 
comparative rapidity, though durable varieties are known. The alkali and some of the 
silica are ronioved„and the mineral posses into clay or kaolin (p. 167). 

Sanidine, the clear glassy fissured variety of orthoclase so conspicuous in the more 
ailicated Tertiary and moilern lavas, occurs in some trachytes in large flat tables (hence 
the name “sanidlue”) ; more commonly in tine clear or grey crystals or crystalline 
granules ; an eminently volcanic mineral, sjMJcially characteristic of the rhyolites. 

TricUnic Felsp&rt. — While the different felsfiars which crystallise m the tnclinic 
system may bo more or less easily distinguished in large crystals or ciystalline nggregate-s, 
they are difficult to scjiarato in the minute form.s in which they commonly ocvur as rock 
conalitiieuts. One of them, known as Microclinc, is identical in composition with ortho- 
clase, and is thus di-stiiiguished from all the other triclinic forms in being a pota.sh variety. 
It is so closely similar to Orthoclase that the two minerals cannot alway.s be discriminated. 
The minute researches of Des Cloiscaiix, liowever, proved them to Ijclong to two distinct 
systems of crystallisation, and placed Microcline as a new species in the tiicliuic aeries.® 
This felspar occurs iu many gianiios, and forms the common variety in the graphic 
condition of these rocks. It is found likewise in gneisses and other old crystalline 
schists, and also in limestones altered by contact with Iherzolite. Another allied 
felspar called Anorthose has been classed with Microcline as a group 9 f pseudo- 
monoclinic forms, on account of their c1o.<m* resemblance to Orthoclase, which they fre- 
quently accompany or replace. Anorthose contains from 7 to 10 per cent of soda, besides 
potash. It is found in granite! and syenites, in some pbonoUte.s, trachytes and andesites. 

‘ See A, Des Clojseaux, Ann. do Mines; G. Tschermak, *’Die FeldHpatbgruppe,’' SiUb. 
Ahad, Wien. 1864 ; C. K Weiss, ‘Beitrfige zur Kenutnios der Feldspatkbildung,’ Haarlem, 
1866; F. Fouqu^, ‘'Contributions i I’Etude des Feldspaths des Roches Volcmtiques," 
bidl. Soc Franpiiae Min. tome xvil (1894), and separately printed, p. 386 ; A. Mlchll- 
L4vy, * 8 tude sur la DiHerniination ifs Feldspaths dans les Plaques minces,’ Paris, 1894, 
p. 109; Fouqu4 and MicheJ-L4vy, ' Mineral. Micrograph.’ 1878, pp. 209, 227 ; A. 
Lacroix, 'Min^rulogie de la France,’ tome ii. pp. 23-'202 ; N. H. Wmchell. Amer. Oeol, 
xxi. (1898), pi>. 12-49. 
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The other tridinw feUpors have been grouped by petrographers under the genera) 
name Plagioclaae (with oblique cleavage), propoaed by Taoheruiak, who regards them as 
mixtures in vsrioue proportions of two fundamental compounds— albite or sod a- felspar, 
nod anorthite or lime-felepar. ‘ 

They occur in well- developed crystals, and also in irregular crystalline grains, 
orystallitea or microlites. On a fresh fracture, their crystals often appear as clear 
glassy strips, on which may usually be detected a fine pai^llel lineation or ruling, 
indicating a characteristic polyaynthatic twinning which never apjxsars in orlhoclase. 
A felspar striated in thie manner can thus be at once pronounced to l>e a tiiclinic form, 
though the distinction is not invariably present. Under the i«icroscoj>e, the lino 
psrallsl lameiiation or striping, best seen with polarised light, furnis une of the most 
distinctive features of thU group of folspars. The chief plagioilase fel.s))ars are, A 1 hi to 
(soda-felspar, Na^O 11 "82, AljOg 18‘5ft, SiO, 68'62), found in some granites, and in 
several volcanic rocks ; soda-lime and lime-aoda felspars, as Oligoclase (Na.p 8 2, CaO 
4 '8, AljO, €8 0, SiO, 62-8), which occurs in many granites and other eruptive rocks ; 
Andssine (Na,0 77, CaO 7‘0, AlyO|25‘6, SiO, 60*0) in some syeiiites, Ac. ; Labra 
dorite (NajO 4*6, GaO 12*4, AI^Fj 30*2, 8iOy 62*9), an essential constituent of niany 
lavas, Ac., abaudaut in masses in the azoic rocks of Canada, Ac. ; Anorthite (lime 
felspar, CaO 20*10, AljOj 86*82, 8iOj 43*08)| found in many vulcanic rocks, .noinetimes 
iu granites and metamorphic rocks. 

The triclinic felspars have been produced sometimea directly from igneous fusion, as 
can be studied in many lavas, where often one of the fiiat minerals to appear in the 
devitrification of the original molten glaas haa been the labradorito or other plagioclase. 
The large beds as well as abundant diffused strings, veiuings, and crystals of triclniic 
felspar (labradorite), which form a marked feature amuug the ancient gneisses of 
Eastern Canada, were probably originally masses of eruptive rock that have undergone 
alteration from the operation of the processes to which lie formation of the ciystalline 
schists was due. The more highly silicated species (albite, oligoclase) occur with 
orthoclase as esseutial constituents of many granites and other plutonic rocks. The 
more basic forms (labradorite, anorthite) are generally absent where free allies is 
present ; but occur in the more basic igneous rocks (liasalts, Ac.). 

Couaiderable differences are presented by tfie triclinic fels|)ani in regard to weathering. 
On an exposed face of rock they lo'«e their glassy lustre and become white and opaque. 
This change, as in orthoclase, arises from loss of bases and silica, and from hydration. 
Traces of carbonates may often be observed in weathere«l crystals. The original steam- 
cavities of old volcanic rocks have generally been tilled with infiltrated minerals from 
the decomposition of the tricliuic felspars during the volcanic period or by later 
weathering. Calcite, prehnite, and the family of zeohiea have been abundantly produced 
in this way. The student will usually observe that where these mineials abound in 
the cells and crevices of a rock, the rock itself is for the most part pro{>ortionalely 
decomposed, showing the relation that subsists between infiltration-products and the 
decomposition of the surrouuding mass. Abundance of calcite in veins and cavities 
of a felspaihic rock affords good ground for suspecting the presence in the latter of a 
lime felspar.* (See under “AlbiliMtion," Book IV. Part Vlll. Sect, ii.) 

Sauaaurite, fonnerly described aa a distinct mineral species, is now found to 
be the result of the decomposition of felspars, which have thus acquired a dull white 
aspect and contain aecondary crystaliiaationa (zoiaite) out of the deconqiosed substance 
of the briginal felspar. Such saussuritic felspars occur in varieties of gabbro and 


1 On the optical discrimination of the Plagioclasea, see |{icbel-L4vy, BuU. Soe. Franfaite 
Min, xviiL No. 8, 1896. 

* A raloable essay on the stages of the weathering of tricUnio felspar aa revealed by the 
mierosoopa was pnbliahed by O. Rose in 1867, Z. D. O. O. zix. p. 276. 
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diorite. Under the roicroecope they preeent a confused aggregate of crystalline needles 
end granules irotMdded in an atnorphoos matrix. (See po8t4a, p. 232.) 

Levdto (K,0 21-58, AljO, 28-60, SiO, 64'97) is a markedly volcanic mineral, 
occurring as an abundant constituent of many Tertiary and modern lavas, and in some 
varieties of basalt. Under the microscope, sections of this mineral are eight-sided or 
nearly circular, and very commonly contain enclosures of magnetite, kc., conforming 
in arrangement to the external form of the crystal or disposed radially. 

Kaphalina (Na,0 17 04, Al/), 85-26, KjO 6-48, SiOj41-24), essentially a volcanic 
mineral, being an abundant constituent of phonolite, of some Vesuvian lavas, and of 
some forms of basalt, presents under the microscojie various six-sided ami even four- 
sided forms, according to the angles at which the prisms are cut.' Under the name of 
ElmoliU are compriaed the greenish or reddish, dull, greaay-lustred, compact or massive 
varieties of nepheline, which occur in some syenites and other ancient crystalline rocks, 
and stand towards the clear varieties, very much as orthoclase does to sanidine. 

The Mica Family’ embraces a number of minerals, distinguished especially by 
their very fterfect basal cleavage, whereby they can be split into remarkably thin elastic 
lamitue, and by a predominant splendent pearly lustre. They consist esHoiitially of 
silicates of alumina, magnesia, iron and alkalies, and may bo conveniently divided into 
two groups, the white viwas, which are silicates of alumina with alkalies and iron, but 
with little or no magnesia, and the black micas, in which the nmgncsiu and iron play a 
more conspicuous part.® 

The first group includes Muscovite. Lepidohte and Paragonite , the second contains 
Biotite, I’hlogopito and Zuinwaldite. 

Husoovlta (Potash -mica, white mica, rhombic mica, (Jlinunor, K,p 3‘07 12-44, 
NaaO 0-4-10, FeO 0-1 16, Fe-A 0*46-8 ‘80, MgO 0-37-3-08, A1.A 28 05 38-41, SiO., 
43*47-51 "73, H.p 0-98-6-22), abuiidant as an original constituent of many eruptive 
rooks (granite, Ac.) ; as one of the characteristic minerals of the crystalline .schists ; as 
a product of regional and contact mctamorphisin, and in many sandstones, sliale.s and 
other sedimentary strata, where its small parallel flakes, derive<l, like the surrounding 
quartz grains, from older crystalline roa.s8ea, impart a silvery or “micaceous ” lustre and 
fissility to the stone. The persistence of muscovite under exposure to weather is shown 
by the silvery plates of the mineral, which may be detected on a crumbling stiifaco of 
granite or schist where most of the other mineials, save the ijuartz, have decayed ; also 
by the frequency of the micaceous lamination of sandstones and other clastic rocks. 

Dainourite, a hydrous variety of muscovite, occurs among crystalline schists. 
Serioito, another hydrous talc like variety, occurs in soft inelastic scales in many 
schists, as a result of the alteration of orthoclase felspar.* Margarodite, a silvery 
talc-like hydrous mica, is widely dlGTused as a constituent of granite and other crystal- 
line rocks. 

Lapidolite (Lithia-mica), like muscovite, but with the i>otash partly replaced by 
lithia. It occurs in some granite.^ and crystalline schists, esjiecially in veins ; it is 
found in the tin-bearing gran ulites of Central France. 

PMAgonltfl (Soda-mica) forms the main mass of certain Alpine schists. It is 

' On the inicroscopio distinction between nepheline and apatite, see Fouque and Micbel- 
livy, ‘Mineral. Micrograph.' p. 276. 

• See F. W. Clarke, “Studies in the Mica Groups," V. S. it. S. No. 55 (^889), p. 12, 
No. 42 (1887), p. 11. and No. 113 (1893), p, 22. 

• See M. Baur, Poggend. Ann. cxxxviii. (1869)^ p. 337 ; Tschermak, Akad. Wun. 
Ixxxvi. (1877), and Izzxviii. (1878) ; Zeitsch, Kryst, 1878, p. 14, and 1879. p. 122. On the 
microaoopic determination of the micas, see Fouque and Michel-Levy, op. rtC. p. 333, and 
Lacroix, ‘ Mineral. France,’ i. p. 305. 

• On ^the occurrence of this mineral in schists, see Lossen, Z. J>. ft. it. 1867, pp. 546, 
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fKMtible thkt many niicroacopic white micas of secondary origin and dcTcloped from the 
alteration of soda-bearing minerals (nepheline, triclinio felspars), hitherto olaseed a* 
sericite, may belong to paragonite.^ 

BlotiU (Magnesia-mica, black mica, hexagonal mica, MgO lO-SO per cent) occurs 
abundantly as an original constituent of many granites, gneisses, and schists ; also 
sometimes in basalt, trachyte, and as ejected fragments and crystals in tuff. Its small 
scales, when cut transvetse to the dominant cleavage, may usually be detected under 
the microscope by their remarkably strong dichroism, their fine parallel lines of cleavage 
and their frequently frayed apparance at the ends. Under the action of the weather 
it assumes a pale, dull, soft crust, owing to removal of its bases The mineral 
which occurs in hexagonal brown or red opaque inelastic tables in some basalts and 
other igneous rocks, is reganled as an altered form of biotite. 

Phlogopite, a mineral so closely allied to biotite as to be often indistinguishable 
from it, is found in the crystalline Arcluetn liinestoues. Its reddish-brown varieties 
all contain a little fluorine. Anouiite is another mica of the same series. 

Zinnwaldite (Lithioiiite) is aferruginous mica <'untaining lithia and fluorine found 
in the tin-bearing granites of Germany and Central France. 

Hornblende (Monoclinic Amphibole, CaO.^ 10-12, MgO 11-24, Fe^O, 0-10, Al,Oj 
5-18, SiO, 40-50, also usually with some NajO. K,0 and FeO). Divided into two groupe. 
1st, Non-aluunnous, including tbe^ white and pale gieen or grey fibrous varieties 
(trt'inolite, actinohtc, Ac.). 2ud, Aluminous, embracing the more abundant dark green, 
brown, or black vanetie.s. Under the microscope, hornblende presents cleavage-angles 
of 124"' 30', the definite cleavage-planes intersecting each other in a well-marked lattice 
woik, sometimes with a finely fibrous character euperadded. It also shows a marked 
pleochroism witli polarised liglit, which, as Tschermak first pointed out, usually 
distinguishes it from augite.^ Hornblende has abundantly resulted from the alteration 
(liaramorphisnO of augite (see below, Uralite). In many rocks the fcrio-magnesiaii 
silicate which is now hornblende was originally augite ; the cpidiorites, for instance, 
were probably once dolcrites or allied pyroxenic rocks. The pale non -aluminous horn- 
blendes are found among gneiaseH, crystalline limestones, and other metamorphic rockSb 
Tlie dark varieties, though also found in similar situations, sometimes even forming entire 
masses of nxjk {aniphibolite,hornhIende rock, hornblende-schist), are the common forma 
in gianitic and volcanic rocks (syenite, diorite, hornblcnde-andesito, Ac.). The former 
group naturally gives rise by weathering to various hydrous magnesian silicates, notably 
to serpentine and talc. In the weathering of the aluminous varieties, silica, lime, 
magnesia, and a portion of the alkalies are removed, with conveision of part of the 
caiths and the iron into carbonates. The further oxidation of the ferrous carbonate is 
shown by the yellow and brown crust so commonly to be seen on the surface or 
{lenetrating cracks in the hornblende. The change proceeds until a mere internal 
kernel of unaltered mineral remains, or until the whole has been converted into a 
ferruginous clay. 

Anthophyllite (Rhombic Amphibole (MgFe)SiOj,) is a mineral which occurs in 
bladed, sometirae.s rather fibrous forms, among the more basic parts of old gneisses ; also 
in rones of alteration round some of the ferro-magnesian minerals of certain gabbros. 

Soda-ampbiboles resemble ordinary hornblende, but. as their name denotes, they 
contain a more marked prof*ortion of soda. They include a blue variety called 
Olaticophhyie, which is found abundantly in certain schists ; RiebeckiU, which is also 
blue and occurs in some granites and micro -granites ; Ar/vedsonii^, a dark greenish or 
brown variety. • 

Uralite is the name given to a mineral which was originally Pyroxene, but has 

^ Lacroix, * Mineral. Prance,’ tome i. p. 355. 

• Wien, Acad. May 1869. See also Fouqu^ and Michel- Levy, ‘Min/'ral. Micrograph.’ 
pp. 349. 365. 
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now by a prooeaa of parantorphitm aeqaired thi) internal cloavage and itmctnro of 
hornblende (amphibole). Under the microeoope a still unchanged kernel of pyroxene 
may in eome specimens be observed in the centre of a crystal surrounded by strongly 
pleochroio hornblende, with its characteristic cleavage and actinoUtic needles (postea, 
p, 790). SmaragdUe is a beautiful grass-green variety also resulting from the alteration 
of a pyroxene. 

Angita (Monoclinio Pyroxene, CaO 12~27'6, MgO 3-22 f>, FeO 1-84, Fe,0, 0-10, 
AljO, 0-11; SiOj 40-67 ’B). Divided like hornblende into two groups. Ist, Non- 
aluminous, with a prevalent green colour (malacolite, coccolite, diopside, sahlite, Ac.). 
2nd, Aluminous, including generally the dark green or black varieties (common augite, 
fassaite). It would appear that the substance of hornblende and augite is dimorphous, 
for the experiments of Berthier, Mitscherlich and G. Rose showed that hornblende, 
when melted and allowed to cool, assumed the crystalline form of augite ; whence it 
has been inferred that hornblende is the result of slow, and augite of comparatively 
rapid cooling.' Under the microscope, augite in thin slices is only very feebly pleochroio, 
and presents cleavage lines intersecting at an angle of 87° 6'. It is often remarkable 
for the amount of extraneous materials enclosed within its crystals. Like some felspars, 
augite may be found in basalt arith merely an outer casing of its own substance, the 
core being composed of magnetite, of the ground-mass of the surrounding rock or of 
some other mineral (Fig. 11). The distribution of augite resembles that of hornblende ; 
the pale, non -aluminous varieties are more specially found among gneisses, marbles, 
and other crystalline, foliated, or metarnorphic rocks ; the dark-green or black varieties 
enter as essential constituents into many igneous rocks of all ages, from Palieozoic up 
to recent times (diabase, basalt, andesite, Ac.). Its weathering also agrees with that of 
hornblende. The aluminous varieties, containing usually some lime, give rise to 
oaloareous and ferruginous carbonates, from which the fine interstices and cavities of 
the surrounding rock are eventually filled with threads and kernels of calcite and 
strings of hydrous ferric oxide. In basalt and dolerite, for example, the weathered 
surface often acquires a rich yellow colour from the oxidation and hydration of the 
ferrous oxide. 

Omphacite, agranular variety of pyroxene, grass-green in colour, and commonly 
associate with red garnet in the rock known as eologite. 

Diallage, a variety of augite, characterised by its somewhat metallic lustre and 
foliated aspect, is especially a constituent of gabbro. 

Hhomblw-PyroxenM.— There are three rhombic forms of pyroxene, which occor as 
important constituents of some rooks, Enstatite, Bronzite and Hyperstbene. Enatatite 
occurs in Iherzolite, serpentine, and other olivine rocks ; also in meteorites. Bronzite 
is found under similar conditions to enstatite, from which it is with difficulty separable. 
It occurs in some basalts and in serpentines ; also in meteorites. Bronzite and enstatite 
weather into dull green serpentinous products. Bastite or Schiller-spar is a frequent 
product of the alteration of Bronzite or Enstatite, and may be observed with its 
characteristic pearly lustre in serpentine. Hypersthene occurs in hypersthenite and 
hyperstbene • andesite ; also associated with other magnesian mineiiris among the 
crystalline schists. 

A group of magnesian minerals crystallising in orthorhombic forma is embraced 
undsf the name of Peridots. Of these by far the most important as a rock-builder 
is Olivine. 

OUvina (Chrysolite, MgO 32'4-50‘6, FeO 6-297, SiO, 31 ’6-42-8) forms an e^ntial 
ingredisnt of basalt, likewise the main part Of varioiu so-called olivine -rooks or 
peridotites (as Iherzolite and picrite), and occurs in many gabbros. Under the micro- 
scope with polarised light it gives, when fresh, bright colours, specially red and green, 

' The same results have been subsequently obtained by MM. Fouque and Miobel-lAvy, 
* Synthase dee Min4raux et dee Bodies,’ 1882. p. 78. 
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bnt it i* not percoptibly pleocUroic. Its orthorhombio outliuos can aonietimM bo 
mdilj obserrod, but it often occurs in irrognUrly shspod granules or in broken rrystals, 
and is liaVde to be trsTcrsed by fine fiasuree, which are particularly developed transverse 
to the vertical axis. It is remarkably prone to alteration. The change begins on the 
outer surface and extends inwtirds and specially along the fiasurea, until the whole is 
converted either into a green granular or fibrous substance, which ia probably in nioet 
eases ser{)entine (Figa. 32 and 33), or into a retldish-yellow amorphous mass (limonite). 

Hauyne (SiO., 34 06. AlaO, 27-64. Na,jO 11 Ta. K,0 4-96, CaO 10-60, SO, 11-25) 
occurs abundantly in Italian lavas, in ba.salt of the Ktfel, and elsewhere. 

NoMUn (SiOj 33-79, AiPj 28 75, Na.,0 26‘20, SO, 11-26). under the microscope, is 
one of the most readily recognised minerals, show ing a lioxagonsl or quadrangular figure, 
with a characteristic broad dark border corresponding to the external contour of the 
crystal, and where weathering has not proceeded too far, enclosing a clear colourless 
centre. It occurs in minute forms in moat phonohtca, also m large crystals in some 
aanidine volcanic rocks. Both hauyne and nosean are volcanic minerals associated with 
the lavas of more recent geological periods. 

Epidote (Pistacite, CsO 16-30, MgO 0-4 9. FejO, 7-5 17-24, Al^O, 14 47 28 9, SiOj 
33-81-57-65) occurs in many crystalline rocks, as a result of the alteration of other 
silicates such as fel8|>ar8 and hornblende (see poiUa, p. 790) ; largely distributed in 
certain schists and <|Uart/ite8, sometimes associated with l>eds of magnetite and 
hsematite. 

Zoliite is allied to epidote but contains no iron (see Saussurite, p. 99). It occurs 
in altered basic igneous locks and also (sometimes in large aggregations) in metamorphio 
gronjis.^ 

Qrthlte (Allauito), an aluminous silicate containing small quantities of some of the 
rarer metals (cerium, didyniiuni, lanthanum, yttrium), occurs in small dispersed crystals 
in many granites. 

Veanvlanita (Idocrase, CaO 27-7- 37 5, MgO 0-10-6, FeO 0-16, AljO, 10-5-26-1, 
SiOa 85-39-7, lijO 0 2 73) occurs in ejected blocks of altered limestone at Somma, 
also among crystalline limestones and schists. 

Andalniita (Al,Oj 60-96-62-2, Fe^O, 0-5 7, SiOj 36 3-40 17) ; found in crysUlline 
schists. The variety Cliiastolite, abundant in some dark clay-slates, is distinguished 
by the regular manner in which the dark substance of the surrounding matrix has 
been enclosed, giving a cross - like trsnsverse section. These crystals have lieen 
developi'd in the rock after its formation, and are regarded as proofs of contact-meta- 
morphism. (Book IV. Part VIII.) 

Hillimanite (Fibrolite), another form of the same comjmition as Andalusite, 
ocenrring in long straight needles, and also in minute interlaced fibres forming a 
compact rock, is of frequent occurrence among metamorphic rocks. 

SUuroUte (SiO, 26-32; Al50,.^55-92 ; FeO 15-79; H,0 197), in many rones of 
contact metamorphism, is conspicuous in stumpy crystals and ci oss • shajied niacles. 
.Owing to its density, 3-84-3'77, it is easily separated from its matrix by means of 
heavy solutions. It is commonly associated with andalusite, oordierite and gsmet’ 

Kyiaita (Disthene) occurs in bladed aggregates of a l>eautlful delicate blue colour 
among schistose rocks ; also in granular forma. This mineral agrees in chemical com- 
position with Andalusite and Sillimanitc, and like them is generally the result of 
metamosphism. 

CordltriU (Dichroite, lolite, MgO 8'2-20-46, FeO 0 11-58, AljO, 28-72-88 11, 
SIO, 48-1-50*4, Ufi 0-2-66) occuit aa an alteration product of contact and regional 

^ On the optical properties of this mineral see E. H. Forbes, Amer. Jo»r Sri. i, 
(1890), p. 26. 

• On the chemical compoeition of Staurolite and the regular arrangement of its carbon- 
aeeotti indnsions, 8. L Penfield and J, tt Pratt, Amer. Jour. Sci. ilvii. (1894-, p. 81. 
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in6tamori>biam in slates, gneiss, sometimes in large amount (cordierite-gneiss) ; occa 
lionally as an accessory ingredient in some granites; also in talc -schist. Undergoe 
numerous alterations, having been found changed into pinite, chlorophyllite, mica, &c. 

Scapolites, a sej’ies of minerals consisting of silicates of alumina, lime and soda, 
with a little chlorine. They are found among the cavitie.s of lavas, hut more frequently 
»mong metarnorphic rocks, where they apjiear in association with altered felspars. 
Dipyre, Cousei anite and Meiointoare varieties of the series. 

Garnet (CaO 0 .•>■78, MgO 0 10-2. Fc.^O^ 0 6-7. FeO 24-82-39-68, MnO 0-6-43, 
AIjOj, 15-2 21 '49, SiOjj 35 /5 -5211 ). The common red and brown varieties occur as 
essential constituents of eclogite, garnet -rock; and often as abundant accessories in 
inica-Bchist, gneiss, granite, Ac., and in the zone of contact metamorphism around 
eruptive masses. Under the microscope, garnet as a constituent of rocks presents 
three-sided, four-sided, six-sided, eight-sided (or oven rounded) figure.s according to 
the angle at which the individual crystals are cut ; it is usually clear, but full of daws 
or of cavities ; passive in polarised liglit. 

Tourmaline (Schorl, CuO 0 2-2, MgO 0-14 -89, Na.jO 0 1 95, K.p 0-3-59, FeO 0-12, 
FajOj 0-13*08, AljjO., 30'44 -44-4, SiO. 352 41-J6, It 3 63 11‘78, F 1‘49 2 58), with 
quartz, forms tourmaline - rock ; associated iiitli some granites; occurs also diffused 
through many gneisses, schists, crystalline limestones, and dolomites, likewise in sands 
(see Zircon). I’leochroism strongly marked. 

Zircon (ZrO.^ 03 ',5 67*16, Fe.p.i 0 2, SiO.^ 32 3.') -26) occuis as a chief ingredient in 
the zircoii-syomte of Southern Norway; frequent in granites, dioiitcs, gneisses, crystal- 
line limestones and schists ; in eclogite ; as clear red grains in some basalts, and also 
in ejected volcanic blocks; of common occuironce as clastic grains in sands, clays, 
sandstones, shales and othei sedimentary locks derived from crystalline masses, such as 
granite, Ac. 

Titanite (Sphone, CaO 21-76-83, Ti0.j 33-43*5, Si0.j 30 35), dispersed m small 
oharactorislically lozenge -shaped crystals in many syenites, also in granite, gneis.s, 
and in some volcanic rocks (basalt, trachyte, phonolite). 

Zeolites. — Under this name is included a characteristic family of mineials, which 
have ill most cases resulted from the alteration, and jiaiticularly from the hydration, of 
other mineials, es[iociaUy of felspais Sccondaiy products, and only rarely ouginal 
COiistitueiils of rocks, they often occur in cavities both as prominent amygdales and as 
vein -atones, and in minute interstices only jicrceptible by the microscope. In these 
minute forms they very commonly present a (indy fibrous divergent structure. As 
already remarked (p. 99), a rdatioii may often be traced between the containing rock 
and its enclosed zeolites. Thus among the basalts of the Inner Hebrides, the dirty 
greep dccomjiosed aniygdaloidal sheets aie the chief rejiositories of zeolite.s, while the 
firm, compact, columnar beds are comparatively free from these alteration products.* 
The formation of zeolites lias been detected at the bottom of the deejier ocean abysses 
(jKWb'fi, p. 5S5), likewise in the bricks traversed by the thermal waters of mineral springs 
(p. 475). Among the more common zeolite.s arc Ayialcite, NatroliU, Stilbite, Hculandite, 
Harmotome, Chabnsitf, ami AiMfpkylUU. It has now been ascertained that Analcite is 
an original constituent of certain basic basalt-like igneous rocks, where it was originally 
mistaken for a glassy base. This mineral being isotropic in jwlarised light, cannot, 
when it show.s no crystal forms, be distinguished from the volcanic glass, and it is 
{lossible that it may thus have a wider distribution as an original rocK constititent than 
has been supposed. ^ 

Kaolin (AI-A 88-6-40-7, CaO 0-'35, K.jO O-VO, SiO* 46-5-46-53, H.,0 9-14-64) 


* See Sullivan in Juke.s’ ' Manual of Geology,’ p. 85. 

■ L. V. Pir.sson, “Ou the Monchiquites or Analcite group of Igneous Rocks," Joum. Geol. 
iv. (1896), p. 679 ; Wliitinaii -Cross. ‘‘An Analcite-hasalt from Colorado," op. cU. v. (1897), 
p. 684. 
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reottlts from the alteration of {totaah- and aoda-feUpani exjKMted to atnioapberic, aoine- 
times to solfataric, inlluencea. Under the tnicrosco{te the hne white powdery auhstance 
is found to inclnde ahinidant minute six-sided colourless plates, scales, aud monoolinic 
crystals (Kaolinite), whioli have been forme<l by re-crysiailisi^tion of the decomposed 
substance of the felspar. The pmest white Kaolin is calloil chtna-cfatj, from its exten- 
sive use in the manufacture of porcelain. Ordinary (day is impure from admixture of 
iron, lime, and other ingredients, among which the debris of the uii decomposed con 
atituents of the original rock may form a marked pro|K>rtioii. 

Talc (MgO •>319-35-'l, FeO 0-4-5, Al.p, 0 5-67. .SiO„ 50-65i 6l-53. H.p O-rt-6.5) 
occurs as an essential constituent of talc-Hchist, and as an alt(‘ration prmliu't re]daciTig 
mica, hornblende, augite, olivine, diallage, and other minerals in crystalline rocks.* 

Chlorite, a group of soft, usually green silicates of alumina, magnesia and iron with 
more or less water (.MgO 24-9-36, KeO 0-5-9, 0-11-36, Al-A 10 5 19-9, SiO, 

30-33 5, HjO 11-6-16); several varieties or «|>ccie8 are divided by Tscherinak into 
Orthochlorites and Leptoclilorites.* When crystallised, they take the form of small 
green hexagonal tables, but luoie usually apj^ear in scaly, vermicular or earthy aggro 
gates. They form an essential ingredient of chlorite-schiat, and oivur abundantly as an 
alteration product (of hornblende, Ac.) in fine filaments, incrustations, and layers in 
many crystalline rocks. (See under -‘ Chloritisation," Book IV. I'ait Vlll. S li.) 
The minerals grouped under the head of Orthocliloiites, which present themselves in 
distinct crystals ui ui plates of some size, include ('liiiuchlore, Pennine, Ripulolito 
ipeochlorite) ; the Leptochloritcs, usually not delhiibdy ciystslliaed, comprise 
Croiistcdtite, Delessite, Hisingerite, and a large numher of variable compounds, 
which are still imperfectly known. 

Chloritold. --Under this general term a gioup of similar substances is comptised, 
having a somewhat varialile <;licniical c<)in|M*8ition but possessing the same or closely 
similar optical chnnicterH. Some of them occur in large plates, others in small scales. 
Of the latter type [teiliups the most imjKutant a.s a lock-constituent is Ottrelite (U^O 
(FeMg) Al.^SiOyi, \\liich occurs in small lustrous iron-black oi greenish black lozenge- 
shaped or siv-sidcd plates in certain schists. It resembles chlorite, but is at once 
distinguishable from that mineral by its much greater haidness. 

Serpentine (Mg(J 28 43, FoO \ 10 H, Al./>, 0 .5 .5. SiO.^ 37 -.5-44 r., H,.0 9 5 14-6), 
long considered to be a distinct mineral, is now recognised a.s a substance which has 
resulted fiom the alteration of various magnesian 8ilicat(*8, more esj»ecially of olivine ^ 
Under various forms which have received ditrerent names, it appears in rents, threads and 
veins in rocks, into the comjiositioii of which the.se silicates enter. M. Lacroix has 
divided the 8cr[»entine minerals into several distinct type.s. He classes under the name 
of Antigorite a mineral which ciystallises in pscudiKubic loimsor in fibro-liimellar 
mosses (Marmolite, Bastite, Baltimonte), and is found in such rocks as the peridotites 
and those which contain olivine, hornblende, pyroxene. Ac Chrysotile is tlie name 
given to the silky finely fibrous forms of serpentine ; it includes the varieties Metaxite 
and Xylotile, and is frequently s^en in threads and veins traversing massive seiq>entiiH\ 
A niammillated or stalsctitic form, distinguished by the concentration in it of the nickel 
diffused through the original rock, and known as Numeaite, was first recognised in 
New Caledonia, and has since been detected in the seriientinised Iherzolite of the 
Pyrenees. Bowlingite, a fibro-lamellar mineral found fust in the basalt of Bowling 
on the Clyde, is marked by its considerable {lercentage of iron; Iddingsite appears 
to be cfosely allied to, if not identical with it. 

* On Talc and Pyropliyllite deposits, see J. H. Pratt. “ Ekonoiuic Papera," No 3, North 
Carolina CJeol. Surv. 1900. 

» fHtzungsb. Akad. Witn. xeix. (1890), pp. 174-267 ; P. W. Clarke, Atnrr. Jmtrn. Sci. 
xl. (1890), p. 405, xlii. (1891), p. 242 ; BmU. r. S. (i S. No. 113 (1893), p. 11. 

’ See Tschermak, HVn. Akad. Ivi. 1867. 






(HawM ffl Hf (C»0 0-4*9, MgO 0-6*9, KfO 0 - 12 * 0 , Na^O 0-2*5, FeO 8-26*6, 
Fe^s 0-281, AljO, 1*6-13*3, Sip, 46*6-60 09, H 3 O 0-14*7). Occurs in small more or 
less rounded grains which may be agglomerated into layers, strings or longer masses ; 
found only in stratified formations, particularly among sandstones and limestones of 
marine origin, where it envelops grains of sand, or fills and coats foraminifera and 
other organisms, giving a general green tint to the rock. It is at present being abund- 
antly formed on the sea floor.^ Off the coasts of Georgia and South Carolina, Pourtalee 
found it filling the chainbers of recent plythalamia, and since that time it has been 
met with generally associated with forabiinifera or other calcareous organisms in the 
**gr«en muds ” which cover such wide spaces of the ocean-bottom. 

Oarbonatbs. --This family of minerals furnishes only four which enter largely into 
the formation of rocks, viz. Carbonate of Calcium in its two forms, Calcite and Aragonite, 
Carbonate of Magnesium (and Calcium) in Dolomite, and Carbonate of Iron in Sideline. 

OaJoita (CaCOg) occurs (l)a 8 an original constituent of many rocks, in almost all cases 
of sedimentary origin (limestone, calcareous shale, Ac.), either formed by chemical 
deposition from water (calc-sinter, stalactites, Ac.), or as a secretion by plants or 
animals;® but in some rare cases, of igneous origin, where the eruptive material has 
invaded and absorbed limestone and has consequently had calcite crystallised among 
its silicates ( 2 ) as a secondary product resulting from weathering, when it is found 
filling or lining cavities, or diffused through the capillary interstices of minerals and 
rooks. Under the microscope, calcite is readily distinguishable by its intersecting 
cleavage lines, by a frequent twin laraellation (sometimes giving interference colours), 
atrong doable refraction, weak or inappreoiable pleochroism, and characteristic iridescent 
polarisation tints of grey, rose and blue. 

From the readiness with which water absorbs carbon-dioxide, from the increased 
•olvent power which it thereby acquires, and from the abundance of calcium in varioua 
forms among minerals and rocks, it is natural that calcite should occur abundantly as a 
paeudoraorph replacing other minerals. Thus, it has been observed taking the place of 
a number of silicates, as orthoidase, oligoclase, garnet, augite and several zeolites ; of 
the sulphates, anhydrite, gypsnm, barytes, and celestino ; of the carbonates, aragonite, 
dolomite, cerussite ; of the fluoride, fluor-spar ; and of the sulphide, galena. Moreover, 
in many massive crystalline rooks (diorite, dolerite, Ac.), which have been long exposed 
to atmospherio influence, this mineral may be recognised by the brisk effervescence pro- 
duced by a drop of acid, and in microscopic sections it appears filling the crevices, or 
sending minute veins among the decayed mineral constituents. Calcite is likewise the 
great petrifying medium : the vast minority of the animal remains found in the rocky 
crust of the globe have been replaced by calcite, sometimes with a complete preservation 
of internal organic structure, sometimes with a total substitution of crystalline material 
for that strucUire, the mere outer form of the organism alone surviving. (See Index, 
tub tfoc. Calcite.) 

Aragonite (CaCOg), harder, heavier, and much less abundant than Calcite, which is 


® For a study of Qlaucouite, os now forming ou the seo-Hoor, see Jiep<»‘t qf ChaUtmgtTy 
“Deep Sea Deposits,” p. 378 ; os a constituent of rocks, L Cayeux, ' Coptributlon i T^tude 
miorographique des Terrains s4ditnentaires ' (1897), chap. iv. See also pottea; p. 627. 

® Mr. Sorby bos investigated the condition in which the calcareous matter of the harder 
parts of invertebrates exists. He finds that in foraminifera, echinoderms, bgmhiopodi, 
Crustacea, and some lamellibranohs and gasteropoda, it occurs as calcite ; that in nhutilus, 
sepia, roost goateropods, many lomellibranchs, Ac., ait is aragonite ; and that In not a few 
oases the two forma occur together, or that the carbonate of lime ie hardened by an admixture 
of phosphate. Q. J. O. S, 1879, Address, p. 61. 

’ Inatsnoei of this kind have been described firom Scandinavia, Canada, India, and 
Ceylon. The rook known as elieolite-syenite seems to be specially apt to develop this oaleite 
intermixture when it invades liroestonee or highly calcareous rooks. 
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tiM mort ftaUa fmm of ooldiom^oorbonite ; oecon with beds of gypttim, oIm ia miatral 
voiai, in strings running through basalt and other igneous rocks, aud in the sksUs of 
many toollusca. It is thus always a deposit from water, sometimes from warm mineral 
springs, sometimes as the result of the internal alteration of roeka and sometiidsa 
Uirongh the action of living organisms. Being more eaaily soluble than calcite, it has 
no doubt in many cases disappeared fVom limestones originally formed mainly of 
aragonite shells, aud has been replaced by the more durable calcite, with a consequent 
destruction of the tsacea of organic origin. Herfce what are now thoroughly crystalline 
limestones may have been formed by a slow alteration of such shelly deposits (p. 624). 

Dolomite (Bitter-spar (Ca,&lg)CO^ p. 193) o^'ours (1) as an original deposit in 
massive beds (magnesian limestone), belonging to many different geological formations ; 
(3) as a product of alteration, especially of ordinary limestone or of aragonite (Dolo- 
mitjsation, pp. 426, 791 ).‘ 

Sidorite (Brown Ironstone, Spathic Iron, Chalybitc, Ferrous Carbonate, FcCO,) 
occurs crystallised in association with metallic ores, also in l)e<ls su’d veins of many 
crystalline rocks, particularly with limestones ; the compact argillaceous varieties (clay- 
ironstone) are found in abundant nodules and beds in the shales of Carboniferous and 
other formations, where they have been deposited from solution in water in presence of 
decaying organic matter (see pp. 187, 194). 

Sulphates. — Among the sulphates of the mineral kingdom, only two deserve notice 
here as im[>ortant compounds in the constitution of rocks- viz. calcium-sulphate or 
sulphate of lime in its two forma. Anhydrite and Gypsum ; and bariuin-Hulphate or 
snl^hate of baryta in Barytes. 

Anhydrite (CaS04) occurs more especially in association with beds of gy|wum and 
rock-salt (see pp. 189, 194). 

Oypaum (Selenite, Ca804i-2H20). Abundant as an original aqueous deposit in 
many sedimentary formations (see p. 193). 

Brnytet (Heavy Spar,..Ba804). Frequent in veins, and especially associated with 
metallic ores as one of their characteristic vein-stones. Occasionally it is found as a 
cementing material in sandstones. 

Phosphates.— The phosphates which occur most conspicuously as constituents or 
accessory ingredients of rocks are the tricalcic phosphate or Apatite, and triferrous 
phosphate or Vivianite. 

Apatite (SCa, (P04)-+-CaFa) occurs in many igneous rocks (granites, basalU, Ac.), in 
minute hexagonal non-pleochroio needles, giving faint polarisation tints ; also in large 
crystals and massive beds associated with metamorphic rocks.* 

\riTianite (Blue iron-earth, FejPaO,, SHgO) occurs crystallised in metalliferons 
veins ; the earthy variety is not infrequent in peat mosses where animal matter has 
decayed, and is sometimes to be observed coating fossil fishes as s fine layer like the 
bloom of a plum. 

Fluorides.— The element fluorine, though widely dififused in nature, occurs as an 
important constituent of comparatively few minerals. Its most abundant compound is 
with Calcium as the oommop mineral Fluorite. It occurs also with sodium and 
aluminium in the mineral Cryolite (p. 190). 


’ On the distinctive characters of Dolomite in calcareous and dolomitic rocks, see A. 
Benard, i^. Acad. Roy. Bdg. xlvH. (1879), No. 6. 

» aowes, Proc. Roy. Soc. Ixiv. (1899), p. 874 ; C. E Wedd, Ot^. Mag. 1899, p. 608 ; 
W. Maoicie, Brit. Astoc. 1901, p. 649.* 

’ See E A. F. Penroeo on the “ Nature and Origin of Deposits of Phosphate of Urns,'* 
B, V. S. O. S. No. 46 (1888). On the Apatite deposiU of Norway, O, Lofstrsnd, Ocd. 
nrm. FMumdl., Stockholm, xii. (1890), pp, 145-192, 207, 865. On the Apatite of 
QelUvare, Sweden, H, Landbohm, Stxtig. Otol. UndenOk, ser. 0. No. III. (1890). The 
phosphate deposits is more fully noticed, poctroy pp. 180, 626. 
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nnorito (Fluor-spar, CaFj) occurs generally in veins, especially in association with 
metallic ores ; rarely as the cement of sandstone.* For an exhaustive account of 
Fluorine and its compounds see the monograph by M. Moisson already cited (p. 87). 

* Chlorides. — There is only one chloride of importance as a constituent of rocks 
soflium-chloride or common salt (NaCl), which, found chiefly in beds associated with 
other chemical and mechanical deposits, is described among the rocks at p. 189. Car- 
nallite (KClMgClaflH.jO), a hydrated chloride of potassium and magnesium, occurs in 
layers together with rock-salt, gypsum, &c., in some salt districts (p. 190). 

Sulphides. — Sulphur is found united with metals in the form of sulphides, many 
of which form common minerals. The sulphides of lead, silver, copper, zinc, antimony, 
kc., are of groat commercial importance. Iron-disulphide, however, is the only one 
which merits consideration here as a rock-forming substance. It is formed at the 
present day by some thermal springs, and has Iwen developed in many rocks as a result 
of the action of inflltrating water in presence of decomposing organic matter and iron 
salts. It occurs in two forms, Fyrite and Maroasite, 

Pyxite (Eisenkies, Scliwefelkiee, FeS,) occtirs disseminated through almost all kinds 
of rocks, often in great abundance, as among diabases and clay-slates ; also frequent in 
veins or in boils. In microscopic sections of rocks, pyrite appears in small cubical, 
perfectly o{m(iue crystals, which with reflected light show the characteristic brassy 
lustre of the mineral, and cannot thus be mistaken for the isometric magnetite, of which 
the scpiare sections exhibit a characteristic blue-black colour. Tynte when free from 
marcasite yields but slowly to weathering. Hence its cubical crystals may be seen 
projecting still fresh from slates which have been exposed to the atmosphere for several 
generations. " 

Maroailto (Hepatic pyrites) occurs abundantly among sedimentary formations, 
sometimes abundantly ditfusod in minute particles which impart a blue-grey tint, and 
speedily weather yellow on exposure and oxidation ; sometimes segregated in layers, or 
replacing tho substance of fossil plants or animals ; also in veins through crystalline 
roetks. This form of the sulphide is especially characteristic of stratilied fossiliferous 
rooks, and more particularly of those of Secondary and Tertiary date. It is extremely 
liable to decomposition. Hence exposure for even a short tunc to the air causes it to 
become brown ; free sulphuric acid is produced, which attacks the sui rounding minerals, 
sometimes at once forming sulphates, at other times decomposing aluminous silicates 
and dissolving them in considerable quantity. Dr. Sullivan mentions that the water 
annually pumped from one mine in Ireland carried up to tho surface more than a 
hundred tons of dissolved silicate of alumina.’ Iron disulphide is thus an imjiortant 
agent in eflectiiig the internal decomposition of rocks. It also plays a laige part as a 
petrifying medium, replacing tho organic matter of plants and animals, and leaving 
casts of their forms, often with bright metallic lustre. Such casts wlicn exposed to the 
air decompose. 

Pyrrhotlse (Magnetic pyrites, Fe 78 „) is much less abundant^thaii either of the forms 
of ordinary iron-pyrites, from which it is distinguished by its inferior hardness and its 
magnetic character. 

It will l>e observod that great differences exist in the relative abund- 
ance of the minerals above enumerated. Thus the igneous rocks, which 
may be taken to represent the chemical and mineralogical composition of 
the original part of the earth’s crust, are formed out of a small iiuml>er of 

‘ W. Mackic, Jmoc, 1901, p. 849. 

* 8 «« J. H. L Vogt, Oeol., F«b., April. May 1894. Foi; an elaborats 

papor on the decomposition of Pyrites, see A. A. Jnlien, Annals Aw York Acad. ScL vols. 
ill. and ir. 

* Juket’ ‘ Manual of Geology,’ p. 8f». 
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groups of minenJs. Mr. F. W. Clarke, discussing 500 analyses, came to 
the conclusion that th6 felspars constitute about 60 per cent of the igneous 
rocks, the pyroxenes and amphiboles 1 8 per cent, quarts 1 2 per cent and 
micas 4 per cent, making in ail 94 per cent, and leaving only G per 
c6nt for all other groui.)8 of minerals.' The sedimentary rocks, which 
either directly or indirectly have been derived from this older or 
igneous crust, show considerable differences in the relative pro|x)rtion8 
of their chemical constituents. In the uindstones, for example, the silica 
percentage sometimes rises above 90, while in the shales it may range 
between 50 and 60. In the latter rocks the alumina may exceed 15 
per cent, while in the sandstones, even in the hard siliceous varieties, 
used for building purposes, it seldom exceed? from 4 to G. The alkalies 
are dirainishc<l in the sedimentary formations, but the lime is often much 
increased, while in the limestones it may form nearly half of the whole 
rock. These features will come out more clearly when the sedimenOiry 
rocks are discussed in Book II. Sect. vii. 

Sect. 111. Determination of Rocks. 

Kocks considered Jis mineral substances are distinguished from each 
other by certain external characters, such as the size, form, arul arrai»ge- 
ment of their component particles. These characters, readily perceptible 
to the naked eye, and in the great majority of eases ob.servable in hand 
8[)ecimen8, are termed megimopic ov mano^cttjm (pp. 109, 127), to distinguish 
them from the more minute features which, being only visible or satis- 
factorily observable when greatly magnified, are known as )iikr</sco}n< 
(pj>. 119, 140). The larger (geotectonic) aspects of rock-structuro, which 
can only bo properly examined in the. field, an<i belong to the general 
architecture of the earth’s crust, are treated of in Book IV. 

In the discrimination of rocks, it is not enough to specify their 
component minerals, for the same mincrahs may constitute very distinct 
varieties of rock. For example, quartz ami mica form the massive 
crystalline rock, greisen, the foliated crystalline rock, mica- schist, and 
the sedimentary rock, micaceous sandstone, (’balk, cricrinal limestone, 
stalagmite, sUituary marble are all compo.sed of ailcite. li is needful 
to take note of the megascopic and microscopic stnicture and texture, 
the state of aggregation, colour, and other characU'rs of the several 
masses. 

Four methods of procedure are available in the investigation and 
determination of rocks: Ist, megascopic (macroscopic) examination, cither 
by the rough and ready, but often sufficient, appliances for use in the 
field, or by those for more careful work indoors ; 2nd, chemical analysis ; 
3rd, yhSmical synthesis ; 4th, microscopic inv^tigation. 

§ i. Megascope {Macraicopic) Examxnaiim. 

Tetii in the field.— The instruments indisttensable for the iorestigstion of rocks in 
the field are few in number, and simple in charecter end application. The obaerver 


‘ B. U. S. a. S. No. 16S (1900), p. 16. 
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will be sufficiently accoutred if he carries with him a hammer of such form and weight 
aa will enable him to break off clean, sharp, unweatbered chips from the edges of rook- 
masses, a small lens, a pocket-knife of hard steel for determining the hardness of rocks 
and minerals, a magnet or a magnetised knife-blade, and a small pocket-phial of dilute 
hydrochloric acid, or some citric acid in powder. 

Should the object be to form a collection of rocks, a hammer of at least three or four 
pounds in weight should be carried : also one or two chisels and a small trimming 
liammer, weighing about ^ lb., for reducing the specimens to shape. A convenient size 
of m use ufii-sj)eci mens is 4x3x1 inches ; those of the field geologist will usually be 
smaller. Where they are nipant to be preserved for reference, the specimens should 
be as nearly as possible uniform in size, so as to be capable of orderly arrangement 
in the drawers or shelves of a case or cabinet. Attention should be paid not only to 
obtain a thoroughly fresh fracture of a rock, but also a weathered surface, wherever 
there is anything characteristic io'the weathering. Every specimen should have affixed 
to it a label, indicating as exactly as possible the locality from which it was taken. 
This information ought always to be written down in the field at the time of collecting, 
and should be affixed to or wrapjied up with tiie specimen, before it is consigned to the 
collecting bag. If, however, the student does not purpose to form a collection, but 
merely to obtain such chips as will enable him to judge of the characters of rooks, a 
hammer weighing from to 2 lbs., with a square face and tapering to a chisel-edge at 
the opposite end, will be most useful. The advantage of this form is that the hammer 
can be used not only for breaking hard stones, but also for splitting open shales and 
other fissile rocks, so that it unites the uses of hammer and chisel. 

It is, of course, desirable that the learner should first acquire some knowledge of 
the nomenclature of rocks, by carefully studying a collection of correctly named 
and judiciously selected rock-specimens. Such collections may now be purchased at 
small cost from mineral dealers, or may be studied in the museums of most towns. 
Having accustomed his eye to the ordinary external characters of rocks, and become 
familiar with their names, the student may proceed to determine them for himself 
in the field. 

Finding himself face to face with a rock -mass, and after noting its geotectouic 
characters (Hook IV.), the observer will proceed to examine the exposed or weathered 
surface. Tlie earliest lesson he has to learn, and that of which perhaps he will in after 
life meet with the most varied illustrations, is the extent to which weathering conceals 
the true aspet of rocks. From what has been said in pi-evious j»age8 the nature of 
some of the alterations will be understood, and further information regarding the 
chemical processes at work will be found in Book III. The practical study of rocks in 
the field soon discloses the fact, that while, in some cases, the weathered crust so 
completely obscures the essential character of a rock that its trne nature might not bo 
suspetod, in other instances it is the weathered crust that best reveals the real compsition 
of the mass. Spheroidal crusts of a decompsing yellow ferruginous earthy substance, 
for example, would hardly Iw identified as a compet dark basalt, yet, on pnetrating 
within these crusts, a central core of still undecompoaed basalt may not uufreqoently 
b« discovered. Again, a block of limestone when broken opn may present only a 
uniformly crystalline structure ; yet if the woatheretl surface bo examined it may show 
many projecting fragments of shells, plyzoa, corals, crinoids, or other organisms. The 
really fossiliferous nature of an apparently iinfossiliferons rock may thus be revpied by 
weathering. Many limestones also might, from their fresh fracture, be set down as 
toleralily pure carbonate of lime ; but from the thick crust of yellow ochre on their 
weathered faces are seen to be highly ferruginous. Among crystalline rocks, tbs 
weathered surface commonly throws light upn the mineral constitution ‘of the mass, 
for some minerals decompose more rapidly than others, which are thus left isolated and 
more easily recognisable. In this manner the existence of quarts in many felspatbie 
rooks may be detected. Its minute blebs or crystals, which to the naked eye or kna 
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Art loAt among th« brilUatit facettea of the felipan, aUnd out amid the dull daj into 
which these minerals are decomposed. 

The depth tosrbich weathering extends should be noted. The student must not be 
too eonddent that he has reached its limit, even when he comes to the solid, more or leas 
bard, splintery, and ap]Arently fresh stone. Granite sometimes deoomfioset into kaolin 
and sand to a depth of twenty or thirty feet or more. Limestones, on the other hand, 
have often a mere film of crust, because their substance is almost entirely dissolved and 
removed by rain (Book III. Part II. Sect ii. § 2). 

With some practice, the inspection of a weathered surface will frequently suffice to 
determine the true nature and name of a rock. Should this pi elim inary examination, 
dhd a comparison of weathered and unweathcred surfacea, fail to alToid the iufonnation 
sought, we proceed to apply some of the simple and useful tests uvailshle for firld-woik. 
The lens will usually enable us to decide whether the rock is compact and apjiarently 
structureless, or crystalline, or fragmental. Having settled this pmiit, we proceed to 
ascertain the hardness and colour of streak, by scratching a fresh surface of the stone. 
A drop of scid placed upon the scratched surface or on the powtlei of the streak may 
reveal the presence of some carbonate. By practice, considerable facility can be acquired 
in approximately estimating the specific gravity of rocks merely by the hand. The 
following table may be of assistance, but it must bo understood at tlia outset that a 
knowledge of rocks can never be gained from instructions given in books, but must be 
acquired by actual handling and study of the rocks themselves. 

1 A fresh fracture ihowi the rook to be close-grained, dull, with no dlatinei 
structure. ' 

a. H. 0'5 or less up to 1 ; soft, crumbling or easily scratched with the kmie, if not 
with the finger • tiail ; emits an earthy smell when breathed upon, dues not 
effervesce with acid ; is dark grey, brown, or bine, perhaps red, yellow, or even 
white - probably some ciny rock, such as inudbtuiie, nui.ssive shale, or fire-clay 
(p. 168) ; or a decomposctl fels|iai-iock, like a close gr.iined felsito ororthoolase 
porphyry. If the rock is hard and lissilc it may be shale or clay-slate tp, 1R9). 

fi II. 1 '5 2. Occurs in beds or veins (jwrhaps fibrous), white, yellow, or reddish. 
Sp. gr. 2'2 2 4. Does not elfervcHce -probably gypsum (pp. U>7, 11)3) 

7 Friable, crumbling, soils the fingers, white or yellowish, busk effervescence-- 
chalk, mail, or some pulverulent form of limestone (pp. 176, 190). 

fi. H. 3 -4. Sp. gr. 2 5 2'7 ; {»ale to dark green or reddish, or with blotched and 
clouded mixtures of these colours. Streak while , feels soapy , no effervesoenoe, 
splintery to sulwonchoidal fracture, edges siibtianshiceut. See serpentine 
(p. 241). 

f H. averaging 3. Sp gr, 2'6-^2'8. White, hut more frequently bluish-grey, also 
yellow, brown, and black ; streak white ; gives biisk effervescence - some form 
of limestone (pp. 176, 190). 

f. H. 8 5-4‘6. Sp. gr. 2’8-2'65. Yellowish, white, or jialo brown. Powder slowly 
soluble in acid with feeble effervescence, which becomes brisker when the acid 
is heated with the jKiwder of the stone. See dolomite (pp. 107, 198). 

1 }. H. 8-4. Sp. gr. 3-3*9. Hark brown to dull black, streak yellow to brown, 
feebly soluble in acid, which becomes yellow ; occurs in nodules or beds, usually 
with shale ; weathers with brown or blood red crnst= brown iron-ore. See 
•lay-ironstone (pp. 107, 187, 194) ; and lioionite (pp. 96, 187, 194); if the rock 
* is reddish and gives a cherry-red streak, see hairnatite (pp. 96, 194). 

0. Sp. gr. 2*66. White, grey, ydlowish, or bluish, rings under the hammer, splits 

^ In this table, H. = hardness. The scale of hardness usually employed is 1, Talc ; 2, 
Rock-salt or gyiisum ; 3, Calclte ; 4, Flaonte ; 5. Apatite ; 6, Ortboclase ; 7, Quarts ; 8, 
Topas ; 9, Corundum ; 10, Diamond. Sp. gr. = specific gravity ; (or methods of deUnuining 
this character, aee p. 114. 
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into thin plates, doea not effervesce, weathered crust white and distinct = perhaps 
some compact variety of phonolite (p. 226, See also felsite, p. 215, and 
dacitfl, p. 228). 

i. Sp. ({r. 2'9-3‘2. Black or dark green, weathered crust yellow or brown = perhaps 
suiue close-grained variety of basalt (p. 234), andesite (p. 228), aphanite (p. 
224), epidiorite (p. 221), or am|ihibolite (p. 252), 

K. H. 6-6'5, but less according to decomposition. Sp, gr. 2 55 2-7. Can witli 
difficulty be scratched with the knife when fresh. White, bluish-grey, yellow, 
lilac, brown, red ; white streak ; sometimes with well-defined wliite weathered 
crust, no elfervesoencu^ probably a felsitic rwk (p. 215). 

\. H. 7. Sp. gr. 2'5 2 9. Tlic knife leaves a metallic streak of steel upon thfc 
resisting surface. The rock is white, reddish, yellowish, to blown or black, 
very finely granular or of a horny texture, gives no reaction with acid = probably 
silica ill the form of jasper, liornstiuie, Hint, chalcedony (pp, 179, 195), hiille- 
tlinta (p. 2.53), or adinole (p. 251). 

. ii. A freah fracture shows the rock to be glassy. 

Leaving out of account .some gla.ss-like but crystalline minerals, such as iiuaitz and 
rock-salt, the number of vitreous rocks is comparatively small. The true nature of the 
mass in (piestion will probably not bo difliiuilt to determine. It ni.iy be one of the 
Massive vokanic rocks (p 195 cl seq.). If it occurs in association with siliceous lavas 
(Hparites, trachytes) it will probably he obsidian (p. 213), or pitchstoiie (p. 216) ; if it 
passes into one of the basalt-rocks, as so commonly liap|H!iis along the edges of dykes 
and intrusive sheets, it is a glassy form of basalt (p. 2.3.5). Each ol the thice great 
series of eniptiie rocks, Acid, Intermediate, and Basic, has its glassy v.iiietios (see 
pp. 196, 213, 227; 23.5). 

ill. A fresh fracture ebowa the rock to be crystalline. 

If the component crystals are sufficiently large for doteiniination in the field, they 
may suggest the narao of the rock. Where, however, they arc too minute for identifi- 
cation even with a good lens, the observer m.ay require to .submit the rock to more 
precise investigation indoors, before its true character can be ascertained. For the 
purjK)8e.s of field-work the following points should be noted 

a. The rock can be easily scratched with the knife. 

(rt) Effervesces briskly with acid = limestone. 

{!)) Powder of streak effervesces in hot acid. See dolomite (pp. 107, 193). 

((•) No effervescence with acid: maybe granulai crystalline gjpsuiii (.alabaster) 
or anliydrite (pp. 193, 194). 

The rook is not easily scratched. It is almost certainly a silicate It.s ciiaracter 
should be sought among the massive nystalline rocks (]> 195). If it be heavy, 
appear to be composed of only one luiiicral, and have a marked gieuiiisli tint, 
It may be some kind of amphibolite (p. 252) , if it consist of some white mineral 
(felsjiar) ami a green mineral which gives it a distinct gi'eeii colour, while the 
weathered crust shows more or less di.stinct effervescence, it may Iw a fine- 
grained “greenstone," diorite (p. 224), or diabase (p. 233); if it be grey and 
granular, with striated felspars and dark cry.stal.s (nugite ami magnetite), with 
a yellowish or brownish weathered crust, it is piobably a dolerite (p. 233) ; if 
it show a Rue gmiiKwl or finely-crystalliiio matrix iii which jicrphyritic felsiiara 
ait) enclosed, it may l>e an andesite (p. 228) ; if it lie compact, finely crystalline, 
scratched with difficulty, showing crystals of orthoclase, and with a bleachevl 
argillaceous weathered crust, it may Ixuan orthoclase-iiorphyry (p. 218), or 
ijuarts-porphy/y (p. 209), The occurrence of dLstinct blebs or orystala- of 
quartz in the f^resh fracture or weathered face will suggest a place for the rock 
la the quartziferous crystalline series (granites, quartz- porphyries, rhyolites) ; 
if the quartz is disposed in long lenticles coated with mica, the rock may belong 
to the gneisses or schists (pp. 244 et xq.). 
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It. a trmh ftracton thowi tb« rook to Iulto a foUatod struoturo. 

The foliated rocka are for the moat part eaaily reeognUabie by the prominence of 
their coiu{K>nent minerals (p. 244). Where the minerals are so intimately mingled as 
not to be separable by the use of the lens, the following hints may Ims of service : — 

0 . The rock has an unctuous feel, and is easily s( ratched. It may l>e talo-sohist, 

chlorite •tdhiat (p. 253), serioitic mica* schist (p. 255), or foliated ser}ientiae 
(p. 253). 

(i. The rock emits an earthy smell when bitathed on, is baider tlian those included 
in a, U line-grained, dark grey in colour, splits with a slaty fracture, and 
contains j»eihap« scattered crystals of iron-pyrites or some other mineral. It 
IS some aigillaceous-schist or clay-slate, the varieties of which are named from 
the predominant enclosed mineral, as chiastohte- slate, aiidalusite- schist, 
Htaurolitc-slate, ottrelite-sohist, kv. (p. 247) ; if it has a silky lustie it may 
be a phyllite. 

y. The rock is conijHised of a mass of ray-like or fibrous crystals matted together. 
If the fibres ate exceedingly fine, silky, and easily sepuiable, it is piobably 
Hsheatos ; if they are coarsir, greenish to white, glassy, and lianl, it is prob- 
ably an actinohte-schist (p. 252' As above stated (p 105), many seri>cntinea 
are seameil with veins of the tine silky fibrouH clirysotilc, which is easily 
8cratche<l. 

1. The rock has a hardness of nearly 7, and splits witli some difficulty along 

micaceous folia. It is prohahly a tjuartzose variety of mica-schist, rpiaitr- 
schist, or gneiss (pp. 24H, 254, 255h 

t The rock shows on its w-catlieied siiiface len(iclf> of ipiait/ se[)aratcd by folia 
of mica and plates oi grams of fel.sjiai. It is piobably a mica- schist or 
gneiss. 

v. A fresh fracttire ehowe the rock to have a fragmental (claatic) etructure. 

Wheie tlio comjKjneiit fiagnients are laige enough to be seen by the naked eye or 
with a lens, theie is usually little dithinilty iii detei mining (he true nature and [Uopet 
name of the rock. Two cliaructcis retjuiie tola! s]»*vially considered -tlie com|Kuient 
fiagments and the cementing ]taste 

1. The Fragments. — According to the shaiK*, si/e, and i omi»osition of the 
fragments, diffeieut nanus are assigned to clastic Hsks. 

a. S/uifH -. — If the fiiigiuents are chiefly rounded, the nuk may l>e sought in the 
eand and gravel senes (p. IdO) ; while if they aie luge and angular, it may he 
cla«sed ;is a breccia (p Ib.'l . .‘some mineral sulisl inecs do not .'icijnue rounded 
outlines, even after long contmued nttiition Mna, fni txainple, sjdits up into thin 
laminie, which may W biokcn into small flakes oi spaiigb s, l>Mt nevci become lounded 
granules. Otlicr inineials, also, whuli liave a ic.idy .h.uage, aie apt to break up 
along their cleavage -planes, and thus to letaiii angnlai contours. Calc-Sjoir is a 
familiar example of this tendency, Oigauic uniains «. mussed of this mineral (sucii as 
crinoiils and echinoids’ may often be noticed in a \cis fiagineiitaiy condition, having 
evidently been subjected to long continued cuiiiiiiimitn<ii. Yet angular oulhiies and 
fresh or little-woin clea\ age sui faces may be fouml among them. Many limestones 
consist largely of sub-angulai oigunic tb'biis. Angulai iiioiganic detutns is character- 
istic of volcanic breccias and tull's (p, 172;. 

/3. Where the fiagnient.s aie haid, rounded, or sub-angulai qiiart/ose grains, 

the 8 i 2 L*of a pin's head or less, the lock is piob.ibly some foini ot Nindstone (p, ld4). 
Where they i-aiige up to the size olla jiea, it may be a pebbly sandstone, fine con- 
glomei-ate or gut ; where they vhry fi-oni the am* of a i^ea to that of a walnut, it is an 
ordinary giavel or conglomerate ; wheie they laiige up to the size of a man’s hear! or 
largei.itisa t oarse shingle, conglomeiate, oi WuMei -Ited. A < onsiderable adniiNlnrc 
of sub-angnlar stones makes it a bieecnited conglomeiate oi breceia . but where the 
materials are loosely aggregated, the dejiosit may be scree-material (p, 160) or some 
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kind of glaoUl drift, such u moraine-stuff or boulder-clay (p. 169). Large angular and 
irregular blocks are uliaractemtic of coarse volcanic agglomerates (p. 178). 

7 . Compoaition . — In the majority of cases, the fragments are of quartz, or at 
least of some siliceous and enduring mineral. Sandstones consist chiefly of rodnd^ 
quartz-grains (p. 164). Where these are numixed with other ingredients, the rock is 
sometimes distinguished as a «{uartzose sandstone. Such a rock when indurated 
becomes quartzite (p. 249). Among the t|uartz-grain 8 , . minute fragments of other 
minerals may be observed. When any one of these is prominent, it may give a name to 
the variety of sandstone or of greywacke (pp, 164, 166). Volcanic tuffs and breccias 
arp characterised by the occurrence of lapilli {veiy commonly cdlular) of the lavas from 
tl^e explosion of which they have been formed. Among interbedded volcanic rocks, the 
student will meet with some which he may be at a loss whether to class as volcanic, 
or as formed of ordinary sediment. They consist of an intermixture of volcanic detritus 
with sand or mud, ami pass on the one side into true tufis, on the other into sandstones, 
shales, limestones, Ac. If the component fragments of a non-crystalline rock give a 
brisk effervescence with acid, they are calcareous, and the rock (most likely a limestone, 
or at least of calcareous composition) may be searched for traces of fo-ssils. 

2. Tlie Paste. —It sometimes, hapfiens that the component fragments ot a clastic 
rock cohere merely from [uessure aud without any discoverable matrix. This is 
occasionally the case with sandstone. Most commonly, however, there is some cementing 
paste. If a ilrop of weak acu! produces efferve.scenco from between the component 
non-calcareous grams of a rock, the jiaste is calcareous. It the grains are coated w’ith a 
red crust which, on being bruised between white paper, gives a cherry-red powder, the 
cementing material is t!io anhydrous peroxide of iron. If the paste is yellow or brown 
it is probably in great jvirt the hydrous perox^r of iron. A dark biown or black 
matrix which can he disaipateil by heatingr fs bituminous. Whete the coinjionent 
grains are so fumly cemented in an exceedingly hard in.atriv that tliey break across 
rather than separate from each other when the stone is fractured, the jia.ste is probably 
siliceous, as in quartzite. 

Dctermlxiation of Spooifle Qrarlty. — The .student will Itnd thi.s (dinnicti'i of con- 
siderable advantage in enabling him to discriminate iH'tween locks, lie may acquire 
some dexterity in estimating, even with the hand, the probable spccilic gravity of 
substances; but bo should begin by determining it with n balance .lolly’s spring 
balance is a simple and serviceable instrument for tins pm pose. It consist.s of an 
upright stem having a graduated strip of mirror let into it, in front of which hangs 
a long spiral wire, with rests at the bottom for weighing a substance in air and ill 
water. For most purposes it is sufficiently accurate, and a determination can be made 
with it iu the course of a few minutes.* Another and more convenient instrument has 
been inventeil by W. N, Walker, consisting of a lever graduated into inches and tenths, 
and resting on a knife-edge stand, on one side of which is placed a movable weight, 
while on the long graduated side the substani'e to be weighed is suspended. This 
instrument has the advantage of not being so liable to got out of order as other 
contrivances.® A third instrument, made by G. Westpbal of Olla, Hanover, also on 
the beam principal, affords the means of making delicate and accurate determinations. 

MaohAaio&l AnalyiU. — Much may be learnt regarding the com}>OBitiun of a lock by 
reducing it to iiowder. Iu the case of many saiid.stoncs and clsys this reduction may 
easily be cffecteil by drying the stone and crumbling it between the fingers, f But where 

* Jolly's spring balance can be obtained throi%h any optician or mineral dealer from 
Barberich, of Munich, for nine florins or 27«. In the*United States it is inanufactured 
by Geo, Wade and Co., at the Hoboken Institute. 

® See Qeol. Atag. 1883, p. 109, for a description and drawing of this instrument, and'" 
the inamier of using it. It may be obtaineil of Lowden, optician, Puudee, and How and Co., 
F.mingilou Street, London. Its price is 81a. 
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tbe material is too conipaot for such treatment, smiie fragments of it, placed within folds 
of paper upon a surface of steel, may be reduced to powder by a few smart blows of a 
hammer, care being taken not to grind the particles into mere dust. The powder can 
be sifted through sieves of varying degrees of hneiiess and the separate fragments may 
be picked out with a tine biush and examined with a lens. If they are dark in colour 
they may be placed on white paper ; if light-oolourcd they are more readily observed 
upon a black {Aiier. Portions of this ^>owder may be carefully washed and mounted 
with Canada l>alsaiu on glass, as in the way described below for microscopic slices. In 
this way the constituent minerals of many crystalline rocks may bo i8olatt*d and studitHl 
with great facility. For purposes of comparison s{>eciinens of the loek-foimiug minerals 
should be piocured and treate<l in a similar way. A series of typical pre)>arations of the 
powder or minute fragments of such minerals affords to the student un admirable liasis 
from which to start in his study of the crystallographic and optical characters of the 
ininci-als which he will require to identify among the constitnenta of rocks. It is deserv- 
ing of notice that this method of investigating the comfiusition of riK'ka was first put in 
practice by Cordier eaily in the nineteenth centnry. He crushed well-known minerals to 
powder and studied the characters of their minute fragments with a mictosco^ie. Pro- 
ceeding nc.vt to rocks, he was able to identify the miueralH composing many of them and 
to separate them out from the surrounding matrix.* 

Another method of isolating the several com|>oneuts of certain rocks is by washing 
the tuturated materials in water and allowing the sediment to suKsidc. The tinct and 
lighter pai tides may lie drawn off, while the coarset and heavier gruins will sink accord- 
ing to their re.spective sjieciHc gravities, and may then be sejiaratod and collected. This 
may be done by means of a wide tub*' with a stop-cock at the bottom, or by gently 
washing the jKiwder with water on an inclined .surface, when, as in the analogous treat- 
ment of voin-stones and urea in mining, the particles ariange themselves ncoordiug to 
their resi>ectivo gravities, the lightest l»eing swept away by the ruiicnt. 

Magnetic jiarticles may be extracted with a magnet, the end of wbicb is preserved 
from contact with the powder by being covered with fine tiBsue-jiajKjr,^ An electro- 
magnet will at once withdraw the i)article8 of minerals which contain far too little iron 
to be orditiuiily recognised as magnetic; in this way the ]NirticleH of a ferruginous 
magnesian mica may in a few seconds la* gatlieied out of the jiowder of a granite.'* 

Where the difference between the s|>ecific gravity of the com|>oncnt minerals of a 
rock is slight, they may be separated by means of a solution of given density. Mr. K. 
Soustadt proposed the use of a saturated solution of iodide of mercury in iodide of 
potassium, which has a maximum density of nearly 3 2.-^ Uolirbach's solution, consist- 
ing of iodide of mercury and iodide of barium, has a density of as much as 3*588.^ 
More serviceable is the solution of borotungstate of cadmium, with a density of 3*28, 
projKMHHl by D. Klein.* The powder of a rock being intro<luced into one of these liquids, 
those particles whose 8|>ecltio gravity exceeds that of the liquid will sink to the bottom, 
while those which aie lighter will float. This process allows of the separation of the 
felspars from each other, and at once eliminates the heavy minerals such as hornblende, 
augite and black mica. By the addition of water or other liquid, as tlie case may be, 

* The work of thw eiuineut pioneer will be found in the Joum. de l‘kyt. Ixxxiu. (1816), 
pp. 135, 285, 352. 

Acad, des Sci. xxxii. No. 11 ; Fouqud and Michel Levy, * Mineralogie Micro- 
graph ique,’ p. 115. 

* Ckem. AVw*. xxix. (1874), p. 128. 

* A'euej Jahrb. 1883, p. 186. 

* Ckmpt. rend. xciiL (1881), p. 318. K. Brauiu introduceti methylene iodide, which 
gives a density of 3'33 and is dilated with benxoie. iVnie* Jakti. 1886, il p. 72. .See also 
J. W. Retgers, cit. 1889, iL p. 185. A heavy liquid, obtained by mixing nitrates of silver 
and thallium in equal proportions, is preferred by some petrographers. 
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the specific gravity may be reduced, anti different solutions of given density may be 
employed for determining and isolating rock-consthuents.* 

Professor Sollas lias devised ^n ingenious but simple method of separating and 
ancevtaining the specific gravity of the mineral components of a rock.' A fragment of 
the rock to be examined, about the size of a hazel-nut, is crushed to powder in the usual 
way, sifted, washed and dried. A diffusion column is foreped by half-tilling a glass tube 
with one of the heavy solutions, adding water above, and allowing it to stand for some 
hours until the column of li<iuid increases nnifoi’mly in density from the top to the 
bottom. Little indexes are then dropped into the column, which may be fragments of 
minerals or of chemically pure substances of known den.sity, or portions of capillary glass- 
tubes enclosing a little mercury, the chief point being’that the density of each of them 
has been accurately ascertained. Each index will float in tliat portion of the column 
which agrees with it in density. The column may thus be divided by a series of these 
indexes ; and the minerals of the rock, suspended each in the layer of its own density, 
have thus their re8]«*ctive specific gravities clearly indicated. 

Hydrofluoric acid may bo used in separating the mineral constituents of rocks. The 
rock to be studied is reduced to powder and introduced gently into u platimim capsule 
containing the concentrated acid. During the consequent etrervesceiice, the mixture is 
cautiously stirred with a platinum Hjiatiila. Some inineralH are converted into fiuorides, 
others into fluosilicates, wlnlc some, [uii ticularly the non-magnesia species, remain 
undissolved. The thick jelly of silica and alumina is removed with watei, and the 
crystalline minerals lying at the bottom can then be ililed and examined. By aiie, sting 
the solution at difiVreut stages the ditleieiit mineials may be isolated. This process is 
admirably adapte<l for collecting the pyroxene of pyroxeuic locks,® 

§ ii. Chnnical 

The dcteiininatiou of the chemical comptisition of rocks by detailed analysis in the 
wet way, demands an acijiiaintame with practical chemistry which eoiujuiiatively few 
geologists possess, and is comsequently relegated to specially iraincil chemists, whose re- 
searches aie most riuitfnl when they have grasped the natiiie of the problem.s on which 
these researches may thiow light, rnfoitunately the oldei anal)ses aic markedly incom- 
plete, and for many pui poses of little value, owing paitly to defective methods and 
partly to the want of recognition of the importance of determining the preseme and 
proportions of many ingrcdient.s which, though oocurnng in minute quantities, have 
much imjioitance in many theoretical questions Among the components of rocks not 
separately estimated in these analyses wdun piesent in .small amounts weie titanic 
acid, manganche, chiomic oxide, .stiontia, baryta, litlua, j'ho.sphouc aiid, sulpluuic 
acid, fluorine, and chlorine. More iletailed examinations aie now’ londucted, and the 
modern analyses contrast fa\ouiaI)ly with those made less than a genciation ago.® 

' Fouipie and Muhel-Ux}, • Miiieialu;;ie Mierogiaplmpie,' ]>. 177. Thwulet, livU. Sot. 
Mill. Fnnict', li. (187^ . p. 17. An mgenioiH iippai;itii> lor isol.itmg mmerals by means of 
heavy solutions wa.s designed by Mr W . F. Smeetli, .V/. I*iin\ Hvif. Jiuh/ni \j, (1888), 
p. ft8. A cheap toim ot nistiuiucnt lor the same puipo-se i-. de-uibed lo Mi. J. \V. Kxans. 
O'eol. Mitij. 1891. }). (57. See also S. I. IVntield, .-too/ Jmnn. .No )>. -140. 

^ Natinf, xllii. ^1891 , p, 404; xlix. ilv''9:D. p . llll ; bn, (189."i , \k 199. I’miis, 
Roy. Irish Aanf. xxix. (lS9l'. p 429. 

Fouqiie and Micliel-L< \ j, ‘ .Mimr.al. Murog.’ p, 116. ^ 

* The great pioiieei work on the cliemi^tix ol r<H ks w.i-. tint ol G. Bi-chor. 'Glieuiu.il 
Geology,’ translated fm the (.‘nxemlisli Society, .Tiid Supplemeiit, Boim. 1871. 

Another valuable work w Koth'.s ‘ .-Mlgi nieiiie und Chemise he (ieolouie.’ Beilin, 1879. 
Some of the best modern work in eheiimal geologj will be foiiml in the BiilletniN ami othei 
publications of the United .State' Geological Surxcx. Fmthu letneiKCs li> autlionties on 
this 3ubje<-t arc given in the following pages, 

“ Much cixslit for it' .'Imre in tlii' ix’form N due to the (Jeologiial Sunex ot the I niled 
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For tlie adeiiaato disouasion of some theoretical questions iu geology a considerable 
actiuiintance with modem chemistry is necesaar>\ Although, as a rule, detailed chemical 
analysis lies out of the sphere of a geologist's work, yet the wider his knowledge of 
chemical laws and methcnls the better. He should at least be able to employ with 
accuracy the simpler processes of chemical research. 

Treufment mth .Icirf.— The geologist’s accoutrements for the field should include a 
amall Iwttle of powdered citiic acid, or one with a imneral acid, and providetl with u 
glass stopper prolonged downwaitls into a point. Dilute hyditichlonc acid has been 
commonly employed, but H. Holton projKjsed in 1S77 tbe use of organic aeids m place 
of the usual miueral acids, (,'itiic acid is particularly seiviceable for the purjiaso, and 
lias the advantage over tlie mineral acids that it can be earned in jiowder, ami a strong 
solution of it in water can be made in such quantity and at such time aa may he required. 
A little of the )►o\vJer jdaced with the |K>int of a knife on a siirfaee of limestone nml 
moistened with a drop of watei will give the projKT reaction.* 

When a diop of acid gives cffervescenee ii|M)ii a siirfan* of rook, the reaction is caused 
by tbe liberation of bubbles of carbon diovide, as this oxide is replaced by the more 
powerful acid. Heiico efferveHi’enee is an indication of the presence of carbonates, and 
when brisk is sjK’cially characteristic ot ealeiuni -carbonate. Limestone and maikedly 
calcaieons nx’ks may thus at once be detected. Hy the same means, the docomiHSHition 
of such io('ks as dolerite may l>€ traced to a considerable distance inward fiom the 
surface, the oiiginal lime -bearing silieato of the rock having been dcvompo.sed by 
infiltrating rain-water, and partially converted into caibonate of lime. This carbonate 
being moie. sensitive to the acid-test than the other carbonates usually to lie met with 
anumg ro(ks, a drop of weak cold acid sullices to produce abtindaiit effervescence oven 
fiuiii u ery.stalline face. Hut the e(rer\escence becomes much more marked if we apply 
the acid to tlie jtowder of the stone. For this purjxise, a sernteh may be made and then 
touched with acid, when a inoie or less copious dischaige of carbonic acid may bn 
obtained, where otlicr^^isc it might apjK'sr so feebly as peihaps even to escape observa- 
tion. Some carbonates, dolomite for evample, are liardly aflected by acid until it is 
heated Tins is done hy placing some fiaginent.s of the substance at the bottom of a 
test-tube, covering them with atul ami appljiiig a llame. 

It is a convenient method of longhly estimating the pnnty of a limestone, to place a 
fragment of the rwk in acid. It there is nmcli im]*uiity nlay, sand, oxide of iron, Ac.), 
this will remain behind as an insoluble lesnJue, and may then be further tested chemi- 
cally, or examined with the microscope. In this way many limestones among the 
crystalliuo .sdiisls may be dissolved in acetic acid, having a residue of pyroxenes, 
ainphihole.s, micas or other sihcAtes. Of course the acid, esjwcially if .strong mineral 
airid is employed, may attack some of the non -calcaieons constituents, so that it cannot 
be concluded that the residue absolutely represents eveiytbiiig present in the rock except 
the carbonate of lime ; but the Jiroportion of non-calrareons matter so dissolved by the 
acid will u.snally lie small. 

Further chrmicol protxssc^, — A thorough chemical analysis of a rock or mineral is 
indisjiensable for the elucidation of its composition. Hut there are several pixKiesses by 

States and the very able chemists of its laboratory, Mr. P. W. Clarke, Dr. W. F. Hillebrand, 
and their assistants. They published an excellent nrcouul of their analytical iiiethoda in 
1897 {li. W. S. O. S. No, 148), which has since been enlarged into a separate memoir with the 
title, Principles and Methoils of Rock Analyiia,” by W. F. Hillebrand {B. V. A O. S. 

No. 176, 1900, p. 114. The studeift who deairea to undertake the detailed ubeinical 
examination of rocks will find this an invaluable treatise for his guidance. Tbe greater 
detail and accuracy of the American analyses justifies a much larger citation of them than 
has hitherto been given. 

* Ann. yew York Acad, fki. i. (1879), p. 1. Chtm. News, xxxvi., xxxvii., xzxriU., 
xliil 
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which, until that complete analysis haa been made, the geologist may add to his know- 
ledge of the chemical nature of the objects of his study. It is commonly the case that 
minerals about which ho may l)e doubtful are precisely those which, from their small 
size, are most difficult of separation from the rest of the rock preparatory to analytical 
processes. The mineral a{>atite, for example, occurs in minute hexagonal prisms, uhich 
on cross -fracture might be mistaken for nepheliiie, or even sometimes for quartz. If, 
however, a dro[) of nitric acid solution of molybilate of ammonia Iw placed in>on one of 
these crystals, a yellow precipitate will apjasar if it be apatite. Nephclino, which is 
another hexagonal mineral likewise abundant in some rocks, gives no yellow precipitate 
with the ammonia solution ; while if a drop r>f hydrochloric acid be put over it, crystals 
of chloride of sodium or common salt will be obtained. Tliesu reactions can be observed 
even with minute crystals or fragments, by plaeing them on a glass slide under the 
microscope ami using an exceedingly attenuated pipette for drop[»ing the liquid on 
the slide.' 

Two iugenioiis appli<'ations of ehcmieal proces'M-s to the tleterniination of minute 
fragments of minerals are now in use. In one of these, devised by lioricky.- hydro- 
fltiosilieic acid of extreme purity is employed. This aoi«l decomposes most siln ates, and 
foiTtis fiom their bases hydrofiuosilicab's. A particle about the size of a pin s-head of 
the mineral to Iw examined is fixed hy its base upon a thin layer of Canada balsam 
spread upon a slip of glass, and a drop of the acid is placeil uj>on it. The preparation 
is then set iii moist air near a saucer of water under a bell-glass for twenty-fcur hours, 
after which it is enclosed in dry air, with chloride of calcium. In a few hours the 
hydrofiiiosilieates crystallise out upon the balsam and can be examined with the 
microscojH*. Those of potassium take the form of culies, of sixlium hexagonal 
prisms, Kr. 

The second process, devised by Szabo, consists in utilising the colorations given to 
the flame of a bunsen-biirner liy .sodium and pota8.sium. An elongated splinter of the 
mineral to be examined is first placed in the outer or oxidising i»art of tlic flame near 
the base, and then in the reducing part further up and nearer the centie. The amount 
of sodium present in t!ie mineral is indicated by the extent to which the Maine is eolonred 
yellow, 'I’lie iiota.s.siuni is similarly estimated, but the Hanie is tlien looked at with 
cobalt glass, so as to eliimnate the intlueiice of the soiluini.-' 

Blowpipt- jfVsf.s. - -The chemical te.sts with the blow -pipe aie simfdo, easily applied, 
and reqiiiie only imticiiee and practiec to give great assistance ni the iletermiiiatiou of 
minerals. If unacquainted witli blow-pipe analysis, the student must refer to one or 
other of the inimeroiis text-books on the subjoet, some of whicri aie mentioned lielow."* 

* An excellent treatise on the cheinieal exaininatiun of tuineralv under tlie niicrosoope is 

that by MM. Klenient and Renaid, ’Reactions inierocheiuiques a c^^tan\ et leiir application 
en analyse (pialiUtne,’ Brussels, 1886. Bee also 11. Behrens, Ann, £role [\>lytfchniq\u de 
M/t, i, 1885, p. 176 ; Jofn-b. \u. Heilage Bainl, p. 435 , Zcitsch./, .\nulijt. (Jhemie, 

XXX. ii. p. 126-174 (IStU); also his ’Maiiiml of Microclieinieal Analysis,’ translated into 
English, Loudon. 1894 ; and the w’ork of .MM. Michel-L* v,\ and Lacroix (cited on next page), 
chap. viii. 

^ ArMiV Xaturxyin't. f.andt'int\irehforsi hxntj von Rithnu'n, \n. fnsc. 3. 1876; ‘ Klemeate 
•iner neueii chenii.sch-niikio.skopiseheu Mineral- uiid Oesteinsanaly.se.' Prag, 1877. Also 
Mlchel-Lcvy and Ijiicroix, p. 123. 

® Szalio, ‘ Uelter vine iieue Metho«le die Felspathe auch in Oesteinen zu bestlmmen.’ 
Buda-Peat, 1876. 

* Tlie gn^t work on the blow-pipe is Plattiier’s, of which an Englisli translation has been 
published by Challo and Windus. Eldcrhorst’s ' Manual of Qualitative Blow pipe Anal 3 'sis 
and Determinative Miueralog}*,’ by H. B. Nason ami C. F. Chandler (Philadelphia: N. S. 
Porter and Coates), is n smaller but useful volume ; while still less pretending are Scheerer's 
‘lutroiiuctioii to the Use of the Mouth Blow -pipe,’ of which a thinl edition by H. F. Blandford 
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For early practice the following apparatus will be found suflicient 

1. Blow pijie. 

2. Thick-wicked candle, or a tin Itox filled with the material uf ('hiM's night-lights, 
and fumbhed with a piece of Freyberg wick in a metallic supprt. 

3, Flatinum-tipped foroepa. 

4, A few piei'es of platinum wire in lengths of three or four imln s. 

fi. A few pieces of platinum foil. 

rt Some pieces of charcoal. 

7 A numlier of closed and 0 {)en tubes of haisl gla».s. 

ti. Three small stopjwred bottles containing so«liuni carhonnte, borax, hioI micro- 
cosmic salt 

9. Magnet. 

This list can l>o increased as cx)»eiiencc is gained. Tim whole .H|*p.xiatUH niiiy easily 
he packeil into a Ikix which will go into the corner of a jKirtinaiileau, 

§ iii. Chemical S’lnthcsts. 

As already lumarked (p. H8), much ii(terc.sling light has l*t‘cn tliiown <>ii the natural 
cooililions in which minctttls and rocks have heen foiined, by actual o>|H’nniciits in 
which these IxmIics are reproduced artiticially. Since the classic cx|Hiiinients of Hull 
much prttgress ha.s iMien made iii this subject, notably ftoin the lesearches of the late 
Professor Daubrvo and of Messrs. Fompie and Michel I/vy, Hoidtcr and Mnssak, 
Moro/cwicz, Vogt and others, To some of the results obtained by these obseivem 
reference will be made in Hook III. Part I. Sect. iv. The piocesses o( investigation have 
been grouped in three classes; Ist, Those by the ‘dry way,’ as in fusion and sublimation, 
aometlmes simply, sometimes with the intervention of a niincralising agent such as borax, 
borates, fluorides, ciilondcs, Ac ; 2nd, Those by the ‘wet way,’ where water or .steam, 
at ordinal y jiressures and tcmiieratures, arc used as dissolvents either hy themselves or 
with the aid of s<mic iiiineralising agent ; and 3id, Those wheie some comhinatinn of the 
two foregoing metlifsls is employed that is, where watei or steam is made to act at a 
high temperature and under great pressure ' 

§ IV. MicromcopK' hirci^fujittiou 

'I’lio value of the microscof^e as an aid in geolognal leseanh is now eveiywheio 
acknowledged. Some information may here In* given .is to the methods of proecdurc in 
micioscopica! inquiry. I’lie metluKl of aitting thin slices of minerals was ilevised hy 

was publislied m 1H75 by F. Norgate , and * Pracli. al Blow pipe AN'-aying,’ by (}. .\ttwoo«l 
{I<ondon • Sampson, l.ow ami ('o. An adiiiuul>lc woik o| lefcrence will la* found in I’rofeasoi 
Brush’s ‘ .Manual of Determiualive Mineralogy’ New Votk ; .1. Wiley and Son , l.oiidon . 
Trlibner), which has gone thiough fourteen eilitioiis. F. v. Koludl’s ‘Tafeln zur BeHtimnuing 
der Mineralien’ (Mnmclr, are iisetul , a tremh edition by Pisata was publmhcsl by 
Rotlisdiild, Pans, 1879, A v.'ilunbie Rnmiiiary is given in Piofewior ('ole’s ‘Aids in 
I*ractical (ieology,’ 3rd e<tit. 1S9M. 

' Heeoiitliis subject Daubree's great work, ‘tJeologie Kvju iinientale,’ IH79 , Fouqiit .ami 
MicheblV-vy , ‘Syntliese des Miiicraiix et des Km-hes,’ 1H82, Stanislas Meunier, ' l^es 
Metli(s1i»s de Syntliese en MiiuTalogie,' 185M , also jHiifeti, p 198 ft xeq 

Tli« microscopic investigation of rocks has given rise to a aoinewlml voluminous 
literalure. The following list of works may be useful to the student • — Zirkel, ' Lebrbflch 
der Petrograpbie,’ 2nd edit. 3 vols. iJiMpzig, 1898-94. Kownbiiw li, ‘ Mikroskopisidie Phyaio- 
graphie der Mioeralien uiid (Jesteine,* ‘2 vola, 3nl edit SlullKart, 1896; also the English 
tranalatioii, ‘Microscopical Physiography of the Rock-forming Minerals,’ by J. P. Iddiqgs, 
8rd eilit. 1898, New York and London -; and bis ‘ HtilfsUbellen zur MlkroskopUchen 
MinerHlbestiinmiing,' 1888; English translation by F, H. HaUh. Fmiqm' and Michel -Levy, 
0 ‘Mineralr^e Micrographique.,’ 2 vols. Paria, 1879. Mlchcl-Levy and Ijicroiv, * Les Mioeraa> 
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Wiliiani Nicol uC KiiinLurgli, tlie fiatne iu^eninus nieclianiciun to M’hom we owe the 
priaiii of Iceland spar named after bim. He applied it in the first instance to the 
examination of fossil wood,* More than a quarter of a century elajiscd before Mr, 
Sorby, comin^{ to Edinburgh and seeing some of the sections of minerals prepared by 
Nicol and his fiiend Alexander Hrysou, recognised the vast assistance which this 
method of investigating rocks miglit be made to yield to geology. At last he published 
his great paper “On the Microscopical Structure of Crystals,” in which the applications 
of the method were for the first time disclosed, and which may lie said to have entirely 
revolutionised the study of locks.’’* 

1. Preparation of Microscopic Slides of Rocks and Minerals.~The observer ought 
to be able to prepare his <iwn slices, and in many cases will find it ol advantage to do so, 
or at least pcisonally to siipei intend their prepaiatiuii by others. It is desirable that he 
should know at the outset that no costly or unwieldy set of appaiatus is needful for his 
piir[K)8e. If he is resident in one place and can acconiinodate a cutting machine, such 
as a la)mlary’s lathe, lie will find the pioccss of prcpaiiiig rock-slices greatly facilitated.® 
The tliickness of oacli slice must be mainly regulated by the imtiire of the rock, the rule 
being to make the slice as thin as can conveniently he cut, so as to save labour in 
grinding down nfterwatds. I’erliaps the thickness of a Hhilhng may ho taken n.s a fair 
average. The operator, liowever, may still further leducc this thickness by cutting and 
pohslmig a f.ice of the specimen, cenienting that on glas-s in the way to be immediately 
descrilied, and then cutting as close as possible to the cemented surface. The thin slice 
thus left on the gla.s8 can then be ground down with comparative ease. 

de-, Hoches,’ 1888; ‘'I’atdeau dc>i Miiidauv .les Ro(dies,’ 188t> K. Kntley, ‘Study of 
Hooks,’ Loudon, 1879; ' lU k toimini; Minerals,’ 1888 J. .1. H. Tc.ill, ‘ Hiitisb Petrn- 
graphy.’ London, 1888. A Haikcr, ‘ Petrology f.u StinleiitH,’ ‘Jn.l e<lit ('niid.ridgc, 1897. 
Cole’s ‘Aids III Praclictd (ieology,’ ,d.o\e u-feiicd to L. ('a\*-n\, ‘ ('ontnl)Ution a Pfitude 
micrographiipio des TeiTnins s. .Innentaiics,’ Lille, 1897 Besides these ami many other 
separate works, hundreds of nicriioirs and piqjers dealing with imiticular ilistricts or rwks 
will be found in the vuiiou'. soicntitic journals, Tiaiisactions of Societies, Repoits and 
Monograpli.H of (teological Snrxeys. Some of the more inipoitant or suggestive of these 
essays will lie eited in the following pages. A valuable senes of photograpliie reproductions 
of the stiuctuie of typical nn-ks has ».een prepnre.l by Cohen. ‘Sammliing vem Miorophoto- 
gratien von Miiieralien itnd (iesteinc,’ Stuttgart, 1881 c/ .scy. < hromolitliograplied plates 
have been published by Beiwotlli. * Mikroskopische Stniktuibilder der Massengesteine,’ 
Stuttgart, 1895 ef .vcc/. 

* Withaiii’.s 'Fossil Vegetables.' small 4to, Edinbiirgli, 1881. This work, dedicated to 
Nicol, contains the first published m count by him of his iinentioii. 

'tint. .Issoc, 185tk Sect. p. 78 t.i. J. u. .s'. \iv. 18:.8 . Mur Jo,n'n. .wii. (18871 

p. 118 . 

’ A machine well adapte<l for both cutting and }ioIishing was devised some years ago by 
Mr. .1. 13. Jordan, ami nia\ be had ot Mcsms. (.’otton ami Johnson. Gerrard Street, Soho, 
London, foi All) . lO.v Anothei sheuig and i>oIi-hing machine, invented by Mr. F. C’uttell 
costs A6 : lO.f. These niiichtties are loo unwieldy to be earned aliout the country by a held- 
geologist. Fue,s.s of Hcilin sHpplic-« two small and convenient hand-instinments, one for 
slicing, the oilier for grimling and polishing The shcing-machine is not quite so .satisfactory 
for hard rocks as one of the larger, more solid fonn.s of apparatus worked by tin* tn-adle. 
But the grinding-machine is imetul, and might lie added to a geologist’s outfit without 
material inconvenience. If a lapidary is within remhcinuch of the more irksome part of the 
work may be saved b) getting linn to cut off the thin slices in directions marked for him 
iipou the .sviecimeiis. Many lapidaries now undertake the whole lalniur of cutting and 
luoiinting microscopic slides ; and where evccedingly tliin and even slices are required, it is 
better to entrust tlie work to one of the l»est of these experts, who liave mechanical appliances 
and e.xperience such as the amateur lannol rival. 



ili-g iv , 


DSTEnMlNATTON OF ROCKS 


121 


Excellent rock-»ectiona, liowever, may l>c prepared without any machine, provided 
the operator {xissesses ordinary neatness of hand and ])atieiu‘e. He must jnociire as thin 
chips as jtossihle. Should the rocks be accessible to him in the field, he should select 
the freshest jhirtioiia of tliem, and by a dexterous use of the hammer break off fiom a 
sliarp a numl>er of thin splinters or chips, out of which he can olwise one or m(*re 
for rock-slices. These chips may be about an inch ajiiare. It is well to take several of 
them, as the first specimen may chance to be sjioilcd in the prcjwiration. The geolopist 
ought also always to carry off a piece of the same bhs'k fiom which his chip is taken, 
that he may have a specimen of the rock for future reference and comparison. Every 
such hand-specimen, ns well as the chips Udonging to it, ought to bo wrapped up in 
paper on the s|K)t where it is ohtaincd, and witli it should he plai-ed a laWl containing 
the name of the locality and any notes that may l>e thoiiglit necessary It can hardly 
bo too fre4|uentlv reiterated that all sucli field-notes ought as far ns jiossible tii lie 
written down on the giound, when the actual tacts are befoio the eye for examination. 

Having obtained his thin slices, either hy having them slit with n machine or by 
detaching with a hammer as thin sjdinters as jmssiblc, the ojierator may proceed to the 
preparation of them for the microscope. For this purpose the following Miiiyde a]i{>aratu8 
is all that is alisolutely needful, tiiough if a giindiiiir uiachine i>e added it Mill save 
lime and labour 

Litt »/ A ppm at 111 rnpurol in the Ptrparntion cf Thin Sheri vi !hnks(tii(l Minerah 
toe Mieio.ieiipirol Kinmiiiation. 

1. A cast-lion plate ^-inch thick and 9 inches s(juaic. 

Two yiieces kT plate glass, 9 inches st|ii.are, 

'b .\ \S'Htei of A\i stone, 0 inclus long by -i inches bioad 

t t’oaise ciiiciy 1 11) oi so at a time'. 

Fine or fioiir-ctiu-iy (<htto 

1) I’lilty powdci (1 ()/ ) 

7, (’Atiaii .1 balsam There is an excellent kind picjmrcd by Knumiiigton, Biadloid, 
specially for niloros< ojiic jncpaiations. iiinl sold in shilling hottles.) 

*<. A small forceps, and a common sewing-needle with its head fixed in a coik. 

9 Some oblong pieces of common tiat window-glass ; 2 - 1 inches is a convenient 
size. 

10. Glasses with ground edges foi mounting the slices upon They may be liail at 
any cliemual-instrument niakei's in didcrcnt sizc.s, the commonest ni this country being 
3x1 inches, tbongh tins si/e is rather too long for convenient handling on a rotating 

stage 

11 Thin co\ ering-glasses, .s<iuare or round. These aie sold by the ounce , ^ n/. will 
be siirticienl to liogiu with 

12, A snmll Ixittlo of spirits of wine. 

The fiist part of the process consists in rubbing down ami polishing one side of the 
chip or .shec, if this has not already Iwsen done in cutting olf a slice alhxed to glass, 
as ahove moiitioneil. We place the chip upon the wheel of the gi Hiding-machine, or, 
falling that, upon the iron plate, with a little coarse eineiy and water. If the chip is 
so shfijied that it can be conveniently pressed by the finger against the plate and kept 
there in ragiilar liori/onlal movement, we may proceed at once to rub it down. If, 
however, we find a difficulty, from its small size or otherwise, in holding the chip, one 
side of it may be fastened to the end ^f a bobbin or other convenient bit of wood by 
means of a cement formed of three f»art.s of lesin and one of Iweswax, which is easily 
softened by heating A little practice will show that a slow, equable motion with a 
certain steady pressure is most effectual in producing the desired flatness of surface. 
When all the roughnesses have Ijoen removed, which can lie told after the chip hM been 
dipfwd in water so as to remove the mud and emery, we place the sjiecinicu upon tlie 
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square of plate glaM, and with flour-emery and water continue to rub it down until all 
the BcratcheH caused by the coarse emery have been removed and a smooth polished 
surface has been produced ‘ Care should be taken to wash the chip entirely free of any 
grains of coarse emery before the polishing on glass is begun. It is desirable also to 
reserve the glass for polishing only. The emery gets fim-r and finer the longer it is 
used, so that by romaining on the plate it may bo nHe<l many times in succession. Of 
course the glass itself is worn down j but by using alternately every portion of its surface 
and on Itutli sides, one plate may bo made to last a considerable time. If after drying 
and examining it carefully, wo find the surface of the chip to be polished and free from 
scratches, we may advance to tbo next paitof the process. Hut it will often happen 
that the surface is still finely acratche<l. In this case we may place the chip upon the 
Water of Ayr stone and with a little water gently rub it to and fro. It should be held 
quite flat. Tlie Water of Ayr stone, too, should not be allowed to get worn into a 
hollow, but should also be kept quite flat, otherwise we shall lose part of the chip. 
Some soft rocks, howevei, will not take an iinscratclied surface even with the Water of 
Ayr stone. These may bo finished with putty powdei, applied with a bit of woollen rag. 

The desired flat ness ami polish having been secured, and all truce of scratohes and 
dirt having been eotnplefcly lemoved, we proceed to a furthei stage, which consists in 
grinding down the ojtposite sitle and reducing the chip to the reqiii.sitc degree of thin- 
ness. Tlie first step is now to cement the polished surface of the eliiji to one of the 
pieces id common glass. A thin |»ieee of iion (a common shovel does (|uite well) is 
heated over a fire, or is placed iM-tween two suppoits over a gBS-flanie.- On this plate 
tiiust be laid the piece of gla.ss to which the slice is to bjj allixed, together with the slice 
itself. A little Canada balsam is diopjK-sl on the centre of the glass and allowed to 
remain until it liusacquiied the neee.ssaiy consistency. Ti* test tins condition, the [xiint 
of a knife should be inserted into the bHls.am, and on being removed should bo lapidly 
cooled by being pres-sed against some cold surface. If it soon becomes baid enough to 
resist the pressure of the finger nail, it has been sufficiently heated. Care, however, 
must be observed not to let it remain too long on the hot plate ; for it will then become 
brittle and start from the gla.ss at some future st.ige. or at les.st will break away from 
the edges of tlie chip and leave them exposed to the risk of being frayed otT. The heat 
should be kept as moderate as possible, for if it becomes too great it may injure some 
portions of the rook. Cldonte, for example, i.s rendeied quite opaque if the heat is so 
groat as to drive olV its watei. 

When the balsuin is foumi to bo reaily, the ‘diip, wbieh has been wanned on the 
same plate, is lifted with the forceps, and laid gently down inwri the balsam. It is 
well to lot one end touch tlie haUam first, ami then giotlually to lower the other, a.s in 
this way the air is diiveii out Willi the point of a needle or a knife the chip should 
be moved about a little, so as to expel any bubbles of air ami promote a firm cohesion 
between the gla-ss and the stone. The glass is now removed VMtb the forceps from the 
plate and put upon the table, and a lead weight or other small heavy object is placed 
upon the chip, so as to keep it pie.sseil down until the balsam lias cooled and hardened. 
If the ojwialioii has lieon sueiosslnl, the .slide ought to lie ready for fuither treatment as 
'soon as the baU.am has become cold. If, however, the balsam is still soft, the glass must 
be again placed on the plate and gently boated, until, on cooling, the lialsam fulfils the 
conditiun of le.sisting tlie pieSMire of the linger nail 

* Exceedingly iinpaliMible emery ixvwdor may be obtainetl by stirring some of*the finest 
emery in water, and after the coarse parti« le.s lf.lvc subsided, pouring off the liquid and 
allowing the fine .suspended dii.st gradually to .sulxside. Filtered and dried, the residue can 
be kept for the more delicate parts of the i^ioUshing. 

• A piece of wire -game placed over the flame, with an interval of an inch or more 
between it and the overlv ing thin iron plate, V)y diffpsiug tbe heat prevents the balsam from 
being unequally heated. 



fKJT. iii § iv . 


1S3 


DETERMIKATWN Of JtCfCKS' 

Having now j»roduceiI a linn union of the chip and the glaaa, we proceed to rnb down 
the remaining aide of the atone with coarae emery on the iron plate a*. l>efore. If the 
glaM cannot 1^ held in the hand or moved by the aimple presaiire of the tiiigeie, which 
uaually auflRcea, it may be faatcned to the end of the l^bbin with the cement an before. 
When the chip has l>ecu reduced until it is tole«ahly thin— until, for example, light 
ap|)ear8 through it when held Itetween the eye and the window, — we may, as ladore, wash 
it clear of the coarse emery and continue the reduction of it on the glass plate with fine 
emery. Crystalline rocks, such as granite, gneiss, dionte, dolerite. and modern lavas, 
can be thus re«iuced to the required thinness on the gloss plate, Softei locks may 
rwiuire gentle treatment with the Water of Ayr stone. 

The last parts of the process are the most delicate of all. We desire to make the 
section as thin as possible, and for that purpose continue rubbing until after one final 
attempt we may perhaps find to our dismay that great part of the slice has d)sap)M>ared. 
The utmost caution should be used. The slide should W kept ns fiat a.s possible, and 
looked at frequently, that the first indications of disruption tniy la* detected. The 
thinness desirable or attainable deiiend.s in great measure upon the nature of tlie rock. 
Tran.sparent minerals need not be so much reduceil as more opatpin ones. Some 
niineral.s, indeed, remain ab.HoIutely opuepn* to the last, like pyi ite. magnetite, and ilmenite. 

The slide is now ready for the inicroscojK' It ought always to be exummcil with 
that instrument at this stage. We can thus mc whether it is tlun enough, and if any 
chemical tests are required they can rcaiiily be applied to the ex|K)sed sniface of tin 
slice. If the rock has proved t«i be very brittle, and we have only siuveeded in procur- 
ing a thin .slice after much labour and several failures, nothing lurtlier should 1 hi done 
witli the preparation, unless to cbvei it with glas.s, a.s will be itmned lately explained, 
winch not only protects it, but adds to lU transpaiencj. Hut wheie the slice is not so 
fi agile, and will hear removal from its original rough scratched jueoe of glass, it should 
he transferred to one of tlie glas.s-slules (No lOi. For this purpose, the ]uepar8tion is 
once more place<l on the warm iron plate, and clo-e alongsnle of it is put one of the 
pieces of glass which has been carefully cleaned, and on the middle ol whieli a little 
Canada balsam has been dropjied. The heal gradually loosens the colieMoii of the slice, 
wliich is tlien veiy gently jtushed with the needle or knife along to tlie <oiitiguou8 
clean slip uf glass. Considerable practice is needed in this part of the work, a.s the 
slice, heuig so thin, is apt to go to pieces in bi'ing ttaiisferrcd. A gentle im liiialion of 
the waim plate, so that a tendency may In- given to the slii e to sli}» downwaids of itself 
on to tlie clean glass, may he advantageously given. We must never altempt to lift 
the slice ,\11 shifting of its jmsition sliould b*- pcrfoinu*<l vviih the point of the needle 
or other sharp instriinieut. If it goes to pieus w« ma) yet be able to pilot the frag- 
ments to their resting-place on the Imlsain of the new gla'«s and the resulting slide may 
be sufficient for the required purjKise. 

\Mien the slice has been safely conducted to the lentre of the glass slip, we put a 
little Canada balsam over it, and warm it as U-fore. Then taking one of the linn <ovcr- 
glasse.s with the forcejts, we allow it gradually to rest u|miii the slice by letting down 
first one side, and then by degrees the whole. A few gentle circular iiiuvement'i of the 
cover-glass with the point of the needle or forcejis may l>e needed to ensure the total 
disappearance of air-bubbles. When these do not appeal, and when, as liefore, we find 
that the lialsam has acquired the propel degree of coiiHistence, tlie slide conUining tlie 
•lice IS rcnfbvod, and placed on the table with a small lead weight alnive it in the same 
way ns already described. On l>ccoming <|uite cold and hanl, the siificiabundant halsam 
round the edge of the cover-glass maj^be scrajicd off with a knife, and any which still 
adheres to the glass may be removed with a little apirits of wine. Small lal>els should 
be kept ready for affixing to the slides to mark localities and reference iininlxsrs.' Thus 
labelled, the slide may be pat away for future study and comparison. 


Where a numlier of slides are Wing prejmred at once, it i-s convenient to distinguish 
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The whole procea* aeema jHiirhapa a little tedious. But iu reality much of it is so 
mechanical, that after the mode of manipulation has been learnt by a little experience, 
the ruhbing-dow)! may bo done while the oi>erator is reading. Thus in the evening, 
when enjoying a pleasant book after his day in the field, he may at the same time, after 
some practiro, rub down his rock-chips, and thus get over the dnulgeiy of the operation 
almciHt unconsciously. 

Boxes, with groove<l .sides or with flat trays for carrying microscopic slides, are sold 
iu dilferent si^es. Much boxes arc most convenient for a travelling eijuiiwge, as they go 
into small space, and with the help of a little cotton-wool they hold tlio glass slides 
firmly without risk ot iiroakage. For a final icsting-jilace, a case with shallow trays or 
diawers in winch the slides can lie flat is most convenient. 

2. The Mioroacope. — Unless the observer proposes to enter into great detail in the 

investiption of the minuter parts of rock-structure, ho does not require a large and 
exiHmsive instniment. For most geological purposes, objectives of 2, 1, and ^ inch 

focal length are Hiiflicient. But it is desirable also for sjx'cial woik, such as the 

invealigation of crystallites ami inclusions of minerals, to liave an objective capable of 
magnifying up to 200 or 300 diameters. An iiistiument with fairly good tenses of 
low powers, according to the arrangement of object-glasses and eye-pieces, may be liad 

of some London makers for £5. But for some of the most important parts of the 

microsi'opical study of rocks, a rotating stage is requisite, the presence of which 
necessarily adds to tlie cost of the instrument. One of the best microscopes specially 
adapted for fHJtrographical research is that devised by Mr. A. Dick, and manufactured 
by Switt and Sou, of 81 Tottenham Court Hoad, Loudon, price 4118 wltliout objectives,^ 
Another instrument for petrographical work is constructed by the Bauseh and Lomb 
Optical ('ompaiiy, RtMdiester, New York 

Among the indispensable adjuncts are two Nicol-piisms, one (polariser) to be fitted 
Iiclow the stage, the other (analyser) most ailvantageously jdaced over the eye-piece. A 
quart/- wedge is useful in txaniinatum with polari.sed light. A nose-piece for two 
objectives, screwed to the foot of the tube, saves time ami trouble by enabling the 
observer at once to jiass from a low to a high power. The numerous jiieoe.s of apparatus 
iiei'essary for pliysiological work are not needed in the examination of rocks ami 
minerals. 

3. Methods of Examination. -- A few hints may be here given for the guidance of 
the student in nuking his own miciuscopic observations, but he must consult some of 
the special treatises mentioned on p. 119, for full details. 

Rrfitdcd Light.- It is not infrequently desirable to observe with the microscope the 
characters of a rock as an opaque object. This cannot usually be done with a broken 
lagiiient of the stone, except of course with very low powers. Hence one of the most 
useflil prelimiiiyy examinations of a prepared slice is to place it in the field, and, 
throwing the mirror out of gear, to converge as strong a light upon it m can b« had', 
short of bright direct sunlight. The observer can then see some way into the rock and 
observe the relative thicknesses and forms of its constituents. The advantage of this 
method is particularly noticeable in the case of ojuque minerals. The sulphides and 
iron-oxidos so abundant in rocks appear as densely black objects with transmitted light, 
and show only their external form. But by throwing a strong light upon their surface,' 
we may often discover not only their distinctive colours, but their characteristic internal 
structure. Titaniferous iron is an admirable example of the advantage of this method. 
Seen with transmitted light, that mineral apj^rs in black, structureless ^ins or 

them by engraving their uumbere with a glazier’s diamond on the glass. They are thns not 
liable to be confounded. 

* Minmd, Mag. vol. viii. p. 160. A full description of the instrument by Mr. Dick is 
sold by Messrs. Swift and Sou. 

’•* G. H. Williams, Amer. Journ. Sci. xxxv. (1888), p. 114. 
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opaque patches, though frequently bounded by definite lines and angles. But with 
reflected light, the cleavage and lines of growth of the mineral can then often be clearly 
Been, and what seemed to be uniform black {latches aie found in many cases to enclose 
bright brassy kernels of pyrite. Magnetite also pirsents a chaiacteiistic blue black 
colour, which distinguishes it from the other iron ores. 

TrammUttd LigM.~\t is, of course, with the light allow etl to }>ass through picjwicd 
slices that most of the microscopic e.vaminatiou of minerals and rocks is j>erfornieil. A 
little ox|>erience will show the learner that, in viewing objects in this way, he may 
obtain somewhat different results from two slices ot the same lock accortling to then 
relative thinness. In the thicker one, a ceitain mineral or rock, olisidian foi example, 
will appear [Krha])8 brown or almost black, while in the other what is evidcntlv the 
same substance may be pale yellow, green, brown, or almost colourleNs. Tnclinic 
felspais seen in polarised light give only a pale milky light when extremely thin, Imt 
present hiight chromatic bands when somewhat thicker. 

Poiarimf By means of ]to!aii.sed light, an exceedingly delicate method of 

investigation is made available. We use both the Nicol pusnis. If the object l»c singly- 
lefracting, such as a piece of glass, or an amorphous liody, or a ciystal belonging to 
some substance which crystallises in the isometiu* or cubit system (or if it be a tetragonal, 
hcMigoniil 01 iliomliohedral crystal, cut per|)endicular to ita principal axis), the light 
will ixnich oui e\e apparently unart'ected by the intervention of tlie object. The licUl 
will jemain dark when the axes of the two prisms are at right angles (cios.sed Nicols\ in 
the same way a.s if no intervening object were theie. .Su< li bodies aie In 

all otlici cases, the substance is doubly-refracting and modilies the polarised beam 
of light. Un lotatuig one of the piisins, we |)ercei\c bands or Hashes of coloiii. and 
iiiimei oils lines aiipear which belore were invisible. The tield no longer remains daik 
when the two Nicol-prisms aie crossed. .Such a suh.staiue i.s aiusotiojuc. 

It IS evident, theiefoie, that we may readily toll by thus means whetlier or not a 
lock contains any gla.ssy constituent. If it does, then (hat j»ortion ol its mass will 
become daik when tlie [•iisriis are cro.ssed, while the ciystallin*- paits which, in the vast 
m.ijoiity of eases, do not belong to the tiibic H}stcm, will leinain eonsjiicuoiis ))v tlieii 
hiightness. A thin plate of ijuaitz makes this sepaiation of the glassy and iiystalhnc 
p.irlb of a rock even more satisfactory. It is placed U-tween tin* Nicol-piisms, w'lncli 
may be so adjusted with lefereuce to it that the field of the inieioscojK? appeal's ntnfoinih 
violet. The glassy portion of any rock, being singli i efi acting or i.sutiopic, plans! on 
the stage will allow the violet light to pass through uncJiangcd, hut tlie ciystalline 
portions, being doubly-iefracting or anisotropu, will alter the violet Iigltt into olhei 
piismalic lolonis. The object shouhl be rotated in the lieid, and the eye should he kept 
steadily fixed upon one jioitionof the slide at a time, so tb.it any change may beobM-ixed. 
This is an extremely delicate test for the presence ot glassy and iiystalline constituents. 

In searching foi tlie ciystallogiaj)hic systtm l<> which a mineial in a mieioscopu 
slide should he refeired, attention is given to the directions in whii )i the iniiieial plm ed 
between ciossed Nicols a]q)ears dark, or to wliat are calletl the directions of its extiiK- 
tioli. It is extinguished (that IS, the uoiinal daikne.-ns ol the tiehl ’letwecii the ciossed 
Nicols IS restored; when two of its axe.s of ebisticity fur vibiatiuns of liglit < oim ide with 
the piiiici|>al sections of the two [uisms. Diiniig a eompb-te lotation of the slide tii the 
field of the micro.seojK.‘ the mineial become.s daik in foiii |M,Hitioiis i<0 apait, e;u h ol 
wldch maiiks that coiiiculcnce. When, ontheothei haml.th* piisniMnie pbifi-d junallel 
to eaeh^ther, the t oiiieideuce of then piiiicipal sections with the axes of elastnitx in 
the mineial allows the niuxnuum of light to pass thiougli, wIikIi likewise oceurs foin 

* Hut the effect of pres.sure-str.'uii may give weak lolour tints lu glasses and in citbii 
tivstals Professor Joh lias deviled an imiuoved iitetliod of identifying rrystals in ns k- 
aei lions by the use of birelniigence, Sci. It'"/. ftuNm St. ix. Part iv. No, 87 (19011. 
See alw the work of MM. Muliel-I/ v v and Iai< roix. cited on p. 1 IP, 
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times in a complete rotation of the mineral. The different ciystallographic system# 
distinguishable by tJie relation l>etwecu their crystallographic axes and their axe# of 
elasticity. By noting this relation in the case of any given mineral (and there are 
usually sections enough of each mineral in the same rock-slice to furnish the required 
data) its crystalline system may be fixed. But in many cases it has been found possible 
tv) establish chaiacteristic distinctions for individual mineral sjiecies, by noting the 
angle between the direction of their extinction and certain principal faces. 

The determination of wliether the comjionent grains of a rock belong to uniaxial or 
biaxial (loulily-rcfi-acting mineruls is a point of much importance, which is effected by 
means of an achromatic conden-ser inserted in the afierture of the stage below the slide 
and suitably adjusted so as to converge the rays of light witbin the giain or crystal. The 
Nicola having been crossed, the eye-piece is removed, and the eye when held a little 
distance from the oiieti end of the tube will perceive adark bar, ring, or cross move across 
the field as the stage is rotated, if the mineral exaniiued has been cut at a favourable 
angle. By the form and behaviour of these indications the uuiavial or bia.xial character 
is made evident. 

JHeochroiam {l>ichroisin ). — .‘^omo minerals show a change of colour when a Nicol- 
priam is rotated below them ; horuldeiido, for example, exhibiting a gradation fiom deep 


brown to dark yellow. A mineral presenting this change is said to be plcochroio 
(polychroic, dicliroic, trichioicj. To ascertain the pleochroism of any mineral we 
remove the upper ]K)laiising prism (analyser) ami leave only the lower (polariser). If 
as wo rotate the latter, no change of tint can Im observed, there is no pleochroic mineral 
present, or at least none which shows plcivhroism at the angle at which it has been 
bisected in the slice. But in a slice of any crystalline lock, crystals may usually bo 
observed which offer a idiange of hue as tlie prism goes round. TIichc are examples of 
pleochroism. This behaviour maybe used to dctec.t tlie mineral constituents of locks. 
Thus the two iniiierals hornbleudo and augite, which in so many icspects resemble each 
other, cannot always bo distinguished by cleavage angles, in microscopic slices. But as 
Tsclmriunk pointed out, augite remains passive, or nearly so, as the lower )>ri.Hm is rotated : 
it is not pleochroic, or only very feebly so ; while hornblende, on the other band, 
os[K)cia!ly in its darker vaiietics, is usually .stiongly pleochroic. It is to lie observed, 
however, that the same mineral is not ahvay.s e(jually i>leoehroic, and that the absence 
of this property is therefore lo.ss reliable as a negative test, than its pie.seiico is as a 


])Ositive test. 

It would be beyond the scope of this volume to enter into the complicated details of 
the niioroscopic struct ui-e of minerals and rocks. This information mu.st be sought in 
some of tlie works sjH'cially dcvote<l to it, a few of which are cited at j). 110. 

In his oxuminatiou of locks with the microscojie, the student may find an advantage 
in propounding to himself the following «iue8tiou8, and referring to the pages hei-e 
citwl. 


1st, Is the rcK’k entirely crystalline (pp. 127, 188, 195), consisting solely of crystals of 
diffenmt miiierals iuterlacwl ; .\ud if so, what are those minerals ? ‘2nd, Is there any trace 
of a glassy ground-mass or base (pp. 131, 147)? Should this lie detected, the rock is 
certainly of volcanic origin (pp. 213, ‘227, 235). 3rd, Can any evidence be found of the de- 
vitrirtCiition of what may have been at one time the glassy basis of the whole rock ? This 


devitrification might bo shown by the appearance of numerous microscopic hairs, rods, 
bundles of featlior-like irregular or granular aggregations (p. 148). 4tli, In «what order 
did the minerals crystallise ? This may often be made out w'lth a mici'oscope*, as, for 
instance, where one mineral is enclosed within *another (p. 146).^ 5th, What is the 
natiu'e of any altemtioii which the rock may have undergone ? In a vast number of 


* It is po.ssible, however, that a crystal enclosed within another may sometimes have 
crystallised there out of a portion of the surrounding magma of the rock which has been 
eiiuloscd withm the larger crystal (jmtea, p. 146). 
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cues the elioes show sbundsnt evidence of such alteration : felspar passing into 
granular kaolin, augite changing into viridite, olivine into ser{>enti]U‘, wliile secondary 
calcite, epidote, quartz, and zeolites run in minute veins or hll up interstices of the 
rock (pp. U’2-i59). 0th, Is the rook a fragmental one ; and if so, what is the nature of 
its component grams (p. 100 e/ scf/.)'t Is any trace of organic remains to be dttecfwi f 

Sect Iv. - GeneraJ Outward or Megascopic i Macroscopic) Characters of Rocks.* 

1. Structure.'- — ^The different kind.s of rock-structures distiii^nishiiblo 
by the unaided eye are denoted either by oidinary descnjitive a<Jjectives, 
or by terms derived from rocks in whicli tlie sjH'cial structures are 
characteristically developed, sucli as gr.initoid, breociateii, .shaly. It 
must be borne in mind, however, that the external character of a rock 
does not always supply us with it.s true internal structure, which may be 
gamed only by microscopic examination. I'his is of course more especi- 
ally true of the close-grained kimls, where to the nakeil eye no definite 
structure is discernible. Some of the definitions originally founded on 
external appearance have been con.sidonibly moditled liy microscopic 
investigation. Many compact rocks, for instance, have been proved to 
be wholly crystalline. 

The same rock-mass may .diow vei> difb-ieiit structures and textures 
in different parts of it.s extent. Tliis is irue alike of sedimentary and 
igneous materials. In the .‘^ever.d poilion.s of one continuous mass of 
oiu))ted rock, variations in the rate of cooling, in t( iii])eraturc, ami other 
circum.stances have comluned to produce .sometimes the most extra- 
ordinary textural and even .structural, a-s well as cheinioil and miiiera- 
logical contrast, s.-^ Hence the .student must be on bis guard against 
eoncliidiiig that tw'o jiortions of rock .strikingly unlike ea(‘h other in 
outward appearance cannot be portions of one »>nginal contiiiuons mass. 

Crystalline {IMiaiierocry stalli nc), consisting wholly or chietiy of 
cr}stidline particles or crystals. If the wliolc of tlic .suli.sUnce of the 
original rock has assumed crystalline fen ms, whet Inn or not these forms 
are bounded by crystalline facca, the stiuctuie i.s known a.s /(ohn'ti/stuUme. 
'I’he term porphij) itic liolon ijstnlhue, has In'Cii applied by lioseiibusch to 
rocks having a finely crystalline ba.se in wdiicli p<n])hyritic crv.stals aie 

‘ T1i«i nieaiuugs of tcTius aie geuerallj more <>i less lull) cxplaiuol iii }>('tiogntj)liical 
tcxt-lKHjks, Special treatisea on tins '.uiijcct, lio\\e\LT, have been piep,are<l. See, loi example 
the '‘Lexique IVtrograpbique, ” prepareil by IVolesMu I-oewniMiij.I,,<hMiiiK and |>iiblihhe(l 
in the f'uuijit. rfml. of the 8tli Session of the Int* rnation.tl (Jeologu.il CongrenK, l^arik 
1901. 

- In the 3r«l edition of Jukes’ ‘Sludent’.s Manual of (Jeologj ' (1871), p. 9.'5, it was pro- 
tH)«ed to reserve the term “Structure” for large leatures, sinh a« uharacterise rrK.k-blo(;ka, 
and to us^the term “ Texture ” for the minuter choractern, such as can U- judged of in hand, 
specimens. M. De Lappnreiit makes a aimiiar distinction {‘Train,' p. 019, note). But the 
practice of usiug the word structure as if. is employed al>uv« in the text, has received such a 
support from tlie petrographers of Germany, tliat though I still think it would be prefer- 
able to disUnguiili l>etwecii terture and alructuru I have luioptevl what has now the Hanction 
of commou usage. 

* See posUtL, p. 710 et sty., G. K. Becker, .Iwu!/'. .Sti. xxxiii. (1887), I>. 60. 

J. H. L. Vogt, OW. Form. Ft/rhtmtl., Stix:kholr«, xlii. (1891). 
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imbedded. Crt/stalliue-gmnular denotes a base or ground-mass of this 
kind in which the whole of the ingredients have crystallised mostly in 
allotriomorphic fonns, with no glassy base between them. here the 
individual constituents are of large size, the structure is auirse-m/stalline 
(granitic), as in many granites. When the particles are readily visible 
to the naked eye, and are tolerably uniform in size, as in marble, many 
granites and dolomites, the rock is said to be gntnulor cjystallinc. Suc- 
cessive stages in the diminution of the size of the particles may be traced 
until these are no longer recognisable with the naked eye, and the 
structure must then be resolved with the microscope {fiac-crydalline, micro- 
crifstalline, cryptocrysfalliuc). Fine-grained rocks may also be called miijuict, 
though this term is likewise applicable to the more close-grained varieties 
of the fragmental series. The microscopic characters of s\ich rock.s should 
always be ascerUvined where possible.^ 

Many crystalline rocks consist entirely or mainly of a magma or paste, 
the true nature of which it may be impossible, e.xcept from analogy, 
to determine megascopically. Such a ground-mass may be entirely 
composed of minute crystals, or partly of glass and partly of minerals 
that have crystallised out of the glass, or wholly of various crystallitic 
products of devitriticatiori with or without (p. 129) phenoervsts of earlier 
consolidation. Its intimate structure can only be a-sccrtaiiuid Avith the 
microsc(ipe. But its existence is often stiikingly manifest even to the 
unassisted eye, for in what are termed “porphyries” it forms a large 
part of their mass. The term '' gioumf-ma.<s” is employed to denote 
this megascopic matri.v. (See pp. 1 n-lob.) 

liithoid, Compact and stony in aspect, in opposition to vitreous ; 
with no distinct crystidline structure. The term is especially applied to 
the devitriKed condition of once glassy rocks, such as obsidians, which 
have assumed the character of perlites or rhyolites. 

Granitic (Granitoid), thoroughly crystalline-granular, consisting of 
crystids or crystalline grains appro-ximately uniform m size, as in granite. 
This structure is characteristic of many eruptive rocks. Though usually 
distinctly recognisable by the naked eye (“ macromerite ” of \'ogelsang -), 
it sometimes becomes very tine (“ micromeiite ”), and may be only 
recognisable Avith the microscope as thoroughly crystalline (microgranitic) ; 
at other times it passes into a porphyritic or porphyroid character by the 
appearance of large crystals dispersed through a general ground -mass. 

I’egmatitic (Pegmatoid, Graphic, (i ranophync). exhibiting the 
peculiar arrangement of cr}3talline constituents seen in pegmatite or 
graphic granite (p. 206), Avhere the quartz and fels[)ar have crystallised 
simultaneously, so as to be enclosed within each other.* This stiucture 
may be sc^en on a large scale in many massive veins of iiegmatifc* ; where 
it takes an exceedingly minute torm it is knoAvn as micropeg matitie 

a 

* Oil the of igiieou'* rock'M-e J. t’. liUUug'*, //"//. S>t. \\ iinJun'ifi'ii, w. 

(188V») p. 71. 

^ /. J>. <!. Li \\i'. 1>- 534. 

Ttii« "‘tructiire I'.jfronjMMl by Ziikt-l uith a uumtHrrof otlien« (*11)1160111110, oolitic, &c.)a> on 
“ implUation structure." ‘ Lehrl>uch,* i. p. 46ft. 
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(Fig. 4). Such microscopic inl«rgrowth of 4{uart/. and felsjwir is char- 
acteri^tic of large masses of eruptive 
rock (micropegmatite, granophyre).‘ 

Aphunitic, a name given to the 
very close texture exhibited by some 
igneous rocks (diakises, dioritC") 
where the component ingredients 
cannot be determinetl except with 
the microscoix*. 

Poiphyritic, composed of .i 
compact or finely crystalline grouiul- 
ma‘^^, through which larger crystals 
of earlier consolidation, known as 
jiht'iKX'i ij'O, often of felspar, aie di.s- 
pi'i'scd (Fig. ddiis and the 

granitic stmeture ate the two great , ^ \i . .,.i 

>ti iu'tnre-ty pe.s of the eruptive rock.s. Mhu 

lly far the laigicst number of the-'e 

lock^ Ix'long to the porphvritic type. Microscoj»ir reseaich has 
thiown much liglit on the nafui'c ot tlu‘ gi<aindma-s of poiphytilic 
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rocks. Vogels^ing pro|K)hed to classify these rocks in three divi-sions : 
Ist, ihiiiujphi/Tc, where the ground-mass is a microscopic cry.stalline 

' 'Hu* lat. H WilhaiiH j)roj)o>.e<l that the termt* “poikililic aiiil micropoikilil jc 
Is- rtiiplo)i<l for rtKlv-slnii tuifi, whVther j»riJiiary or roiiililioned by cotnjjttratively 

IwKe iiidivKluats of one mineral envelopiiiK smaller iiidividiiala of other minerals, which 
have no regular arrangement in re.s}>ect to one auothet or to their hoi(t.” The structure in 
(piestion ft, m a certain sense, interrnedinte l>etweeii granuhii oi mu rogranitic and graphie or 
micropegmatitic, • 

Itldmgs, Bull. Phil. So,-. \VaAhingU>a, ii. (1889), p, 73, Whitman Cross, Hik Ann. 
Itfp. V. S. O'. S. (189'J-P3), p. ‘232; Pirason, Amer. Jovr Ai. vii. (1899), p. 272. The 
variona aigmficatioiis atnu-he<l to the term Porjthjrilic are well ilwcns»e«l by Zjrlcel in his 
Lehrbnch,’ i. p. ^65 d mi. 

* Vogelsang, c,t. Compare the clasaificatioii by Fouqiie and Miehel-I^Ty, p. 196. 
VUL. I V 
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mixture of the component minerals with absence or sparing develop- 
ment of an imperfectly individualised magma (see p. 151); 2nd, 
Felsophyref having usually an imperfectly individualised or felsitic 
magma for the ground-mass (pp. 149, 152) ; 3rd, Vitrophyrty where 
the grovind-mass is a glassy magma (pp. 147, 153). The second sub- 
division embraces most of the porphyries, and a very large number of 
eruptive rocks of all ages.^ The name l*orphyroid has been applied to 
such widely dilFerent rocks that it is not now much in use. By Lessen 
it was given to certain schistose, fibrous and porphyritic rocks belonging 
to the acid series of the crystalline schists, intermediate between halle- 
flinta and gneiss.* It has also been applied to metamorphosed sediment- 
ary rocks, to coarse gneisses and granites, and to tuffs simwing a 
porphyritic structure. 

Segregated. — In granite and other crysUilline massive rocks, vein- 
like portions, coarser (or finer) in texture than the rest of the mass, may 
be observed. These bel<»ng to- the last phase of consolidation, when 
segregations from the original molten or viscous magma took place 
along certain lines or round jiarticular centre.s, where the individual 
minerals crystidlisod out from the general mass. They have been 
sometimes termed “segregation,” or “exudation” \ein.s. They are to 
bo distinguished from the veins, usually of finer and more acid material, 
which ramify through a ma8.s of igneous rock and probably represent 
portions of the original molten magma which remained still liquid and 
were injected into rents of the already consolidated ]>arts. (See “('on- 
teroporaneous Veins,” p. 741.) 

Granular. — This term has licon somewhat loo.sely applied to any 
rocks composed of approximately equal grains, these grains being 
sometimes elastic fragments, as in grcywacke and sandstone, sometimes 
crystalline particles, as in granite and marble. As applied to igneous 
rocks it is now used either by itself or with the prefix crt/sttilline, to 
denote the holoervst.Hllino character of such rocks as granite (see above, 
p. 123), The granular texture may become so fine as to ;)ass insensibly 
into compact.* The peculiar granular structure found so abundantly 
among raetamorphic rocks which have been intensely crushed, and in 
which there seems to have been a process of re-crystidlisation among 
the powdered particles, has been termed granulitic (p. 258). This 
won.!, however, is liable to the objection that, while in Kngland and in 
Germany it is applied to rocks Waring that .structure, in France it is 
used for a holocrystalline granite.’ 

’ AoconliiiK to Uoseiibiisch the imrphjntic nio.’oove rooks art* thtwe ii« whu-h, during 
tlif different stages of their proiliietion, the same minerals have been fornie<l more than 
once, ynu's 1882 (ii.), p. 14. ^ 

Z. I). G. O. XXI, (1869), p. 329. tk-c p. ‘a-Ol. 

’ As applied to massive (eruptive) rocks, Rofcnbusch wouhl lestnct the term granular 
to those in wliich each individual cvmstituent separated out during but one definite stage of 
the pixwess of roik- budding, [ak. nt. On the use of this term, see Whitman Cross, J4th 
Ann. Hfp. U. S. G. S, (1892 93). p. 232. 

* Michel-L«'vy, des Minrs, viii. (1875), p. 387 ; 'Structure et Clusstficaiion das 
Kouhes erupt ive.s,’ 1889, p. 14 ; pp. 196, 206. 
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Vitreous or glassy, having a structure like that of artiticial glass, 
as in obsidian. Among crysUillinc eruptive rocks there is often present a 
valuable amount of an amorphous ground miiss, which may incrwise until 
it forms the main part of the substance. The nature of this amorphous 
jjortion is described at pp. 147, 153. Its original condition luis been that 
of a volcanic glass, now more or less devitritied. Mu.st vitreous rocks pre- 
sent, even to the naked eye, dispersed grains, crystals, or other enclosures. 
Under the microscope, they are found to l»e often crowded with minute 
crystals and im|>erfect or incipient crystjilline forms (p. 14H), Resinous 
is the term applied to vitreous rocks having the lustre id pitchstone, and 
to others which arc still less vitreous. Devitrification is the conversion 
of the vitreous into a cryaUlline or lithoid structure (pp. 148, 154). 

-Streaked, arranged in streaky inconstant lines either (uiraliel or con- 
\ergent, and often undulating (Fluctuationstructur). This structure, 
con.spicuously shown by the lines of flow in vitreous rocks (flow-structure, 
fluxiori-structiue, fluidal structure), is less marked where the materials 
have a.ssiimed definite crysPilline forms. It can be seen on a minute 
scale, however, in many crystalline nuus.ses when e.vainined with the 
microscope (p. 153).’^ 

Jianded, arranged in jurallel bands (schlicren), distinguished from each 
otlier by colour, texture, structure or composition ; characteristic of many 
gneisses, of some largii nujusses of gabbro where the rock appears to have 
come from a heterogeneous magma, and of jaspers, flints, halleflintas and 
other flinty rocks. 'I'hi.s term may often be applieil to the flow-structure of 
ignoou.s rocks rofeired to in thcproviou.s paragraph, likewi.sc to the segre- 
gation vein.s of eruptive bosses and sheets, and to the |KiralIel arrangement 
of materials pro<luce(I in rocks, which, under intens<! mechanical pressure, 
have been crushed and sheared. With the naked ey(‘ it is often hardly 
}M)8sil)le to distinguish between the bainled .stinctnre of devitnfied igneous 
rcH’ks and that resulting from the mechani(*ai deformation here referred to. 

Taxitic -a name proposed by Profe.s.sor Rot‘wirison Le.ssing to denote 
an arrangement in volcanic rocks in the crysf-allisation of which two products 
have arisen distinct from each other in structure, colour, or comjiositioii. 
These rocks are thus in appearance clastic, but arc really of primitive 
origin. When the different portions of the taxite aie disjKiswl in alternate 
Ijands, they are called KiilaxiUs; when they occur in angular fragments 
dispersed in the matrix without definite order like a breccia, they form 
It is a kind of li<juation in filamentous Imids. As synonymous 
terms the author of the name cites “ Spaltiingsbrcccia,” “Tnfllava,’' 
“ Piperno,” “ Triimmerporphyre,'’ 

Spherulitic, composed of incipient crystallisations of minerals which 
diverge from one or more [Kiirits and terminate outwardly at nearly the 
same distance from the centre, so as to produce globules, spherules, or 
larger accretions of usually gloTiular forms, which are marked by the 

^ 0» thin Htnipture «ee E. WcWh, ‘Beitragf zur Keiuitm«<» dcr Ilaarteni, 

1868, 143 ; VogeUaug, ‘ Ptiilosopliieiter Oeologie,’ 1667, p. 138 ; Zirkd, O. <}. fj. 1867, 

^ 742. 

* Bulk Soc. Brig. HM. v. p, 104 ; t'innpt. remi. Iiit«rnat. (Ji-ol. Congns.<w, Parut, 1000, p. 1280. 
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internal radiation of divergent fibres or rods from the central starting- 
point (Figs. 0, 1 6). Sometimes the centre is aphenocryst, in other cases no 
foreign nucleus can be detected. The 
structure occurs in vitreous rocks and 
forms an important stage in the dcvitri- 
lication of obsidian, pitchstone, tic. The 
cry.stalli.sation appears to be largely duo 
to the intergiowth of quartz and felspar 
in a minute micropegniatitic aggregate. 
Sometimes the .spherules are hollow, but 
show th<‘ fibrous divergent .structure in 
their or.tt'r shells Spherirlitcs exist of 
all sizes, from micro.scopic jrroportions u}) 
to masses ten feet in diameter-. Whet'o 
th'- libres, rnsteatl of radiating from a 
Kik. s .S|iht*oiiiiic srnu till. (M.ikiii!i<.i ) divctge fi-orn a line such as a 

crack, tins structure has bt'cn tmmetl by Zirkei axiolitir,' 

'rite trim lithophyse has been applietl by F. von IJichthofcn to large 




7 Oi 111. iil.ii stnictiiit' \.t|>oli .uiit. , ( .trsKM (V.ii.^i.'i ) 


bladder- like spherulites wherein interspaces lintHl witli crystals occur 


V 


' Voxt’l'*.'oiX ".IS tlif lust lo iiiakt' u imcrof.cnjm study nt spiuTulilfS Hu distuiKUislu'd 
ainouft them ntmulittw, jilolMKspheritt'.s, f;ranos|>liciitr>, iK loiiiisjdu'nti's .md IV Uosphent^s, 
.IrcAtv vti. 1.^72 ; ‘ Ihe Krystallitt*u, ' 1875. Set* al.so Deiesse, Man .Sloe. (iiul. 

iv. (1852), II S, H. F. ix. (1S.'»2). |» 431 , Wlntiiuin Cros?., /Vo/ Ss. Wa'^hingUm, xi. 
p. 411 (IH'.il) ; J. P, Idditig-s p. 445, mid 7th Htp. V. S. OVoi'. Sun. 0888), p. 

254. (^iiintz as9uim*« in some rooks {ng. Imiulei^eiirites) a tiuely globular strucliin* which 
was d^‘velo^Hsl Inifore the cessation of the motion that produced flow -structure, and which, 
according to M. Michcl-Levy, may lie regarded a-s conuerting the colloid and crystallised 
oyliditions of silica, hull. Soc. tlM. France 1,3). (1877), p. 257. Al.so Com.pt. rtnd. xciv. 

(1882), p. 481. The formation of spherulitc.s is further referred to .at p. 153. and also in liook 
W. Part Vn. 
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between the successive concentric internal layers.’ Many ancient rhyo- 
lites present an ag^^regate of notlular bodies (Fyroineride) due originally 
to devitrification and subseciuently more or les.s altered. es|K‘cially by the 
deposition of silica within them. 

Orbicular structure is one in which the comjKuient minei'allB of a 
rock have crvstalli>^ed in such a way as to form s{»beroidal aggreg.alions, 
sornetime.s with an internal radial or concentric grouping. It is typically 
se«‘u in the coisite, najK»leoniU', (W kdl-diorite (Ivugel tiioiit, orbicular 
diorite, p. ‘JlO) of Corsica (Fig 7), but occuis in other rocks, sometimes 
even in granitc.- 

Perlitic (Figs. 8 and 19), having the structure of the iiwk formerly 
termed perlite, wherein between minute 
rectilinear fissures the subslaiice of the 
mass has a.ssuini'd, during the contrac- 
tion re.sulting from cooling, a finely 
globular character, not unlike the 
spheroidal structun' seen in weathered 
bafuilt, which is also a phenomenon of 
coritniction during the cooling and con- 
solidation of an igneou.s rock '* 

Horn}, riintv, having a compact, 
homogeneous, dull texture, like that of 
horn or Hint, as in chalcedony, jaspei, 
flint, and many halleflintas and felsites. 

Cavernous (porous), containing > 

irregular cavities due, in most cases, to the alistractioii of some of the 
minerals ; but oec;i.si<'MalIy, as in some lirne.stones (sinters), dolomites 
and lavas, foiming part of the original strueture of the roek 

Cellular .Many lavas, ancient and modern, have Iwen saturated 
w'itli .steam at the tune of their eruption, ami in conse^pienee of the 
segregutum and expansion of this imprisoned vap(Mir, have lia<l s|ilierical 
cavities developed in tln-ir mass When this cellular structure is marked 
by comparatively few and small holes, it may Ik* called vesicular; where 
the HK-k cemsists partly of a roughly cellular, and partly of a more 
coni)wict substance intermingled, as in the slag of an iron furnace, it is 
said Ui he slaggy ; p<*rtions where the cells (wciipy alamt as much space 
as the solid part, and vary much in size and shape, are <allcd scoriaceous, 
this being the character of the rough clinkerliki; scoria* of recent Ja\;i- 
streams ; when the cells are so much more numerou.s than the .solid part, 
tlmt the stone w'ould ririginally have almost or (prite floated on water, 

' K. (inti. Rfichxtitijtt, I860, }• ISO Uh Aun. Rtp. i\ S. (ifAjl. 

S„n. p 240. Am^-. J„ur„. .S,-. xxxiii. (1887 , p .‘0) A Cole and (1. W. 

Butler, Q. J. O’, S. xivn. (1802). p. 4.0^. aifl p 215 On hollow -plo-riilitcs Btirkinson, 

1/ J. O'. .S' hu, (1900\ p. 211 

* fine examples of thin structure have U-en ohta:iie<l from the (granites of .Swesleti aud 
Lhe north-west of Ireland. 8ee p 208 

•' Professor Watts has dcMnWd perlitic crack.s developed in quart/, Q. J. (J S ] 
1894). p. 367. 
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the structure is called puiniceous, jfumire being the froth-like part of 
lava. As the cellular stnicture can only be developed while the rock 
is still liquid, or at least viscid, and as, while in this condition, the mass 
is often still moving away from its point of emission, the cells are not 
infrequently elongated in the direction of movement. Subsequently, 
water infiltrating through the rock, deposits various mineral substances 
(calcite, (juartz, chalcedony, zeolites, Ac.) from solution, so that the 
flattenc<l and elongated almond-shaped cells are eventually filled up. 
A cellular rock which hius undergone this change is said to be an 
amygdaloid, or amygdaloidal, and the alimmd-like kernels are known 



ru' ’* ViiiytilulfiMl#! , ('<>1 j.li) iitf, ' >1<I Hcl Ayi . (V.il si/' ) 

as a my g (laics ( Fig. 0). Where the eel Is or ca\ ernous si)a('es of a rock are 
litu'd with crystiils .Htid empty in.side they are said to be druses or drusy 
cavitie.s. Some igmHms rooks (cerUiin granites, Ae.) are full of small 
irregularly shaped cavities into which the constituent minerals may project 
with crystjdlographic forms. Such a structure is termed miarolitic. 

Cleaved, having a fissile structure superinduced by pressure an(l^ 
known as (leavage (.see pp. 117, bSl), 'Phe planes of cleavage are inde-' 
pendent of those of bedding, though they may sometimes coincide with 
thorn. A cleaved structure is l)cst .seen in fine-grained material, and 
is typically developed in roofing-slate, but it may occur in any compact 
igneous rock (p. 418). 

Foliated, consisting of minerals that have crystallised in approxi- 
mately ]iarallel, lenticular, and usually wavy layei-s or folia, Kocks of 
this kind commoidy contain layers of mica, or of .some Cipiivalent readily 
cleavable mineral, the cleavage-planes of which coincide generally with the 
pianos of foliation (p. 244). Gneiss, ^mica-schist and talc-schist are 
characteristic examples. So distinctive, indeed, is this structure in schists, 
that it is often spt)ken of as .schistose. In gneiss, it attains its most 
massive form ; in chlorite-schist and some other schists, it becomes so fine 
as to pass into a kind of minutely scaly texture, often only perceptible 
with the microscof>e, the i-ock having on the whole a ma.ssive structure. 
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Fibrous, consisting of one or more minerals composed of distinct 
fibres. Sometimes the fibres are remarkably regular and parallel, as in 
fibrous gypsum, and veins of chrysotile, fibrous aragonite or calcite (satin 
spar) ; in other instances, they are more tufted and irregular, as in <isbi*8tos 
and actinolite-schist. 

Cataclastic, Mylonitic, terms introtluced to <lenote the |>eculiHr 
granular structure of rocks which have undergone intense cnishing, such 
as has taken place along lines of fracture ami movement, as in faulta and 
thrust planes. The materials have been reduced to minute grains which 
have not re-crystallised as they have done in the granulitic structure. 

Clastic, fragmental, composed of detritus (p. 154). Hocks possess- 
ing this character have, in the great majority of ca.ses, bt*en formed in water, 
and their component fragments are usually more or less rounded or water 
worn. Different name.s are applied, acconling to the form or size of the 
fragments. Breceiated, composed, like a bn'ccia, of angular fragments, 
which may be of any degree of coarseness. Agglomerated, consisting 
of large, Voughly rounded and tumultuously grouped blocks, a.s in the 
agglomerate filling old volc^uiic funnels. Conglomerated (Conglo- 
meratic), made up of well-rounded blocks or pebbles , rocks having this 
character have been formed by and deposited in water. l*ehbly, 
containing dispersed water-worn pebbles, as in many coarse sandstones, 
which thus by degrees pass into conglomerates. rKammilic, or sand- 
stonc-like, comiiosed of rounded grains, as in ordinary sandstone • when 
the grains are larger (often sharp and somewhat angular) the rock is 
gritty, or a grit. Muddy (pelitic), ha\ing a te.xture like that of dried 
mud. (’ry jitoclastic or compact, whore the grains are too minute to 
reve^il to the nakc<l eye the truly fragmental character of the rock, as in 
fine mudstones and other argillaceous dcjiosits 

(’oncretionary, conUining or consisting of mineral matter, which 
ha.s been collected, either from the surrounding rock or from without, 
round some centre, so as to ftirm a luMlule or irregularly shaped lump. 
This aggregation of material is of frequent occurrence among water-formo<l 
rocks, where it may be often observed to have taken place round some 
organic centre, such as a leaf, cone, shell, fish hone, or other relic of plant 
or animal. (Book IV. Bart I.) Among the most frequent minerals found 
in concretionary forms as constituents of rocks, arc calcite, siderito, pynte, 
marcasite, and various forms of silita. In a true concreti(»n, the material 
at the centre has been deposiUxl first, and has increast d by additions from 
without, either during the formation of the enclosing rock, or by 
subsequent concentration and aggregati(ui. Where, on the other haml, 
cavities and fissures have been filled up by the deposition of materials 
on their "walls, and gradual grfiwth inward, the result is known as a 
secrefion. Amygdales and the successive coatings of mineral veins are 
examples of the latter process. 

Dendritic — a name applied to arborescent deposits, usually of some 
dark metallic oxide (especially of iron and manganese), which are former! 
through the agency of infiltrating water along the joints or other smooth 
divisional planes of minerals and rwks (fig- 220). Occ^ionally these 
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dendrites present so strong a resemblance to vegetable forms as to he 
readily mistaken for fossii plants. Landscape-marble owes its peculiar 
appearance to a variety of this structure (p. 649). 

Septari/in — a structure often exhibited by concretions of liniestoner 
and clay-ironstone which in consolidating have shrunk and cracked 
internally. Those shrinkage-cracks radiate in an irregular way from the 
mid<lle towards the circumference, but die out before reaching the latter 
(Fig. 25). Usually they have been filled with some subsequently infil- 
trated mineral, notably calcite. 

Oolitic, a structure like fish roe, formed of spherical giains, cacli of 
which has an internal nidiating and concentric structure, and often 
possesses a central nucleus of some foreign body. This structure is 
specially found among limestones (see p. 191).* When the grains are 
as large as peas, the structure is termed pi. soli tic. 

Various stnictures which affect large masses of rock rather than 
hand-specimens will be found described in Book TV. But a few of the 
more imj>orUnt may be included here. 

Massive, unstratified, having no arrangem<‘nt in definite layers or 
strata, liava, granite, and generally all crystalline rocks which have been 
erupted to the surface, or have .solidified below from a .state of fusion, 
are massive rocks. 

Stratified, bedded, composed of layers or beds lying parallel to 
each other, as in shale, sandstone, limestone, and other rocks which have 
been deposited in water. Succe8.sive streams of lava, poured om; upon 
another, have also a bedde<l arrangement. Laminated, consisting of 
fine, leaf-like stratii or laminse; this structure being characteristically 
exhibited in shales, is sometimes also called shaly. 

Jointed, traversed by the divisional planes termed -loints, which aie 
fully treated of in Book IV, Part 11. 

Columnar, divided into prismatic joints or columns. This structure 
is typically represented among the basalts and other basic lavas (p. 663 
and Figs. 236-237, 336, 338), but it may also be observed as an effect 
of contact-metamorphism among stratified rocks which have been invaded 
by intrusive masses (p. 769). 

Pillow-structure (Ellipsoidal structure) — an arrangement in 
many ancient and modern lava.s where the rock before consolidating ha.s 
separated into globular or pillow-sha|)ed Idoeks from a few inches to 
several yanls in diameter. The outer .shell of these spheroids or 
ellipsoids is sometimes closer grained than the inside, and has rows of 
small ve.sicles running |)arallel to the outer surface. In the interstices 
between the blocks various sedimentary materials have sometimes been 
introduced, such as volcanic tuft', sandstone, shale, ironstone oV ^chert 
(see p. 760), , 

2. Composition. — Before having recourse to chemical or microscopic 
analysis, the geologist can often pronounce as to the general chemical or 
mineralogieal nature of a rock. Most of the terms which he employs to 
' See Mr. Wethered’s [taper in <,*. J. O', -n'. 1i. (ISP.'t). ]•. 196. 
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express his opinion are derivod from the names of minerals, and in 
almost all cases are self-explanatory. The following example.s may suffice, 
('alcareous, consisting of or conUiining carlwnate of lime. Argilla 
ceous, consisting of or contiiining clay. Fel-spathic, having some form 
of felspar as a main constituent Silicoou-s, formed of or eontaining 
silica ; usually applied to the chalcedonic form.s of this cementing oxide. 
Quartzose, containing or consisting entirely of some form of ijuartz 
Carbonaceous, containing coaly matter, and hence usually ass^xiated 
with a dark colour. Pyritous, containing diffn8e<l disulphide of inm 
Gypseous, containing layers, n(»dules, .strings or cry.stals of calcium 
sulphate. Saliferous, eonUiiniiig Ixuls of, or impregnate*! with rock 
salt. Micaceous, full of layers of mica flakes. 

As rocks are not definite chemical aomisjunds, but inixtuies of 
different minerals in varying proportions, they exhibit man\ intermodiatti 
varieties. Transitions of this kind are denoted by such phrases as 
“ granitic gneiss," that is, a gneiss in which the normal foliated stnicture 
is nearly merged into the massne structur*' of granite; “argillaceous 
linie.stone ” — a rock in which the liinestone is mixe<l with clay, 
“calcareous shale”- -,i fissile rock, consisting of clay with a pro|)oition 
of lime 

As alre-idy allmled to, and .is wii) be more fully explained in later 
pjiges, th«^ progress of research goes to show that even in tlu^ same mass 
of eruptive rock considerable differences of chemical comjiosition may Ixi 
found. These differences seem to point to some separation of the con 
stituents, before consolidation Thus the picrite of Ikithgate shades 
upwards inUi a rock in which the heiivy magnesian silicates are replaceil 
in large measure by felspars.' Mr. Iddings has called attention te some 
remarkable gradations of composition among the xoleanie rocks of the 
Tewar mountains, New Me.xico, where In* helieie.s a senes of intermediate 
varieties to be traceable from obsidian at the one end to liasalt at the 
other. A remarkable instance of a similar .kind has l>een (lescrilxid hy 
Mr. Teall and Mr. Dakyns from the Scottish Highlamls.' Many exainjiles 
have now been cited both in the Old and New Worlds, where an acid 
eruptive l>os.s passes laterally into highly basic material, gianite, for 
instance, graduating towards the margin into gabbro and serpentine. 
This subject is further discussed at p. 710 d 

3. State of Aggregation. The hardness or Koftne.s8 of a rock -in 
other word.s, its induration, fria)>ilit\ , or the <iegree of aggregation of its 
particles — may be either original or a*<|nired. Some rocks (sinters, for 
example) arc soft at first ami harilen l>y d<-gn:es , the gemual effect of 
exposure, however, is to loosen the cohesiim of the partich^s of roeks. A 
rock whiuh can easily be .scratched with the nail is alnio.st always much 
decompo.sed, though some chloritic and tah-ose .schists an? soft enough to 
be thus affected. Compact roePs which can easily be scratched with the 

‘ Trans. Hoy. Hk, hAni. vnl. vxix (1879), p 501 

“ null, V. s. a. S. No. 60(1890) ; llvH. Ph,l. Sm U./vAjuvOo/, xi. (1890/, pj* 6.5, 191 , 

Will pfistM, pp. 708, 710. 

’ TmII ainl Dakyns, f/ 189*2. 
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knife, and are apparently not <iecompo.sed, may be fine-grainetl limestones, 
dolomites, ironstones, mudstones, or some other simple rocks. Crystalline 
rocks, except limestones and didomites, cannot, as a rule, be scratched 
with the knife unless consijlerable force be used. They are chiefly com- 
posed of hard silicates, so that when an instjince occurs where a fresh 
specimen can be easily scratched, it will usually be found to be a limestone 
(pp. 1 12, 17fl, 190). The ease with which a rock may be broken is the 
measure of its frangibility. Most rocks brciik most easily in one direction ; 
attention to this ^x>int will sometimes throw light ujK)n their internal 
stnicture. 

Fracture is the surface produced when a rock is split or hiuken, and 
depends for its character upon the texture of the ma.ss. Finely granular, 
compact rocks are apt to break with a splintery fracture where wedge- 
8hape<l plates adher(5 by their thicker ends to, and lie parallel with, thu 
general surface. When the rock breaks off into concave and convex 
rounded shell-like surfaces, the fracture is said to be conchoidal, as may 
bo seen in obsidian, flint, and exceedingly compact limestones. The 
fracture may also be foliated, slaty, or shaly, according to the structure 
of the rock. Many opa<jue, compact rocks are translucent on the thin 
edges of fracture, and aflbrd there, with the aid of a lens, a glimjise of 
their internal compo.sition. A rock is said to lie flinty, when it is 
hard, close-grained, and breaks with a smooth or conchoidal fracture 
like flint; friable, when it crumbles down like dry clay or chalk; 
plastic, when, like moist clay, it can he worked into shapes hot ween 
the fingers; pulverulent, when it falls readily to powder; earthy, 
when it is decomposed into loam or earth ; incoherent or loose, when 
its piirticlos are ((uite sopiirate, as in dry blown sand. 

1. Colour and Lustre.— These characters vary so much, even in the 
same rock, acconling to the freshness of the surface examined, that they 
jKissoss hut a subordinate value. Ncverthele8.s, when aiiitiously used, 
colour may ho made to aflbrd valuable indications as to the probable 
nature and composition of rocks. It is, in this respect, always desirable 
to compare a freshly broken with a weathered piece of the rock. Some 
minerals and rocks Kwe their distinctive tints on being heate<l, and even 
on l>oing exposed to sunlight. In some cases these evanescent colours 
jire doubtless due to organic compound.s, which aie broken up by heat ; 
in others their origin is not r(uite clear. ^ 

irhitc indicates usually the absence or a eomixiratively small amount 
of the heavy metallic oxides, esjiecially iron. It may either be the original 
colour, as in chalk and calc-sinter, or niay he developed by weathering, 
as in the white crust on flints and on many porphyries. Grey is a 
frequent colour of rocks which, if quite pure, would he white, hut which 
acquire a greyish tint by admixture o[ dark silicates, organic matter, 

‘ See Januettaz, II. S. O. F. xxix. (1872), p. 300. Tlic non-organu' nature of the evanescent 
colours is inaintaintHl by E, Weinscheiik, X. JkU.H. xlviii. (1896), p. 704 ; Xeitsch. Anarg. 
ChriHi'e, XU. (1896), p. 376 ; Zritach. Kfi/st. \xviii. (1897), p. 136 ; Tmh^nHat'a MitUuU, 
xix. (1900), 144; the other an«l more general view is upheld b> L Wohler and K. v. 

Knnitz-KoschlAu, Tin krrtnat’s Mitihetl. .xviii. pp. 304, 447. 
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diffused pyrites, Afc. or bluish-giry, is a characteristic tint of rocks 

through which iron-disulphide is diffusa! in extremely minute sulwlivision. 
But as a rule it rapidly disappears from such rocks on exposure, especi- 
ally where they contain organic matter also. The stiff blue clay of the 
sea-lwttom, which is coloured by iron-disulphide, l)ecome« reddish brown 
when dried, and then shows no trace of sulphide.' Blud' may Ih^ due 
either to the presence of carbon (when weathering w'dl not change it 
much), or to some iron-oxide (magnetite chiefly), or some silicate rich 
in iron (jis hornblende and augite). Many rocks (basidts and mela 
phyres jjarticuiarly) w’hich look quite black on a fresh surface, become 
red, brown or yellow on exposure, black being comjiaratively seldom a 
weathered colour. Yelloir (or Onuuje)^ as a dull earthy colouring matter, 
almost always indicates the presence of hydrated jieroxide of iron. In 
TiKKlern volcanic districts it may be due tf> iron-chlonde, sulphur, kc. 
Bright, metallic, gold-like yellow is usually that of iron disulphide. />Vwa 
is the normal colour of some curbonac<;ou8 rooks (lignite), and fernigirious 
dejxisits (bog-iron-ore, clay-ironstone, iVe ). It very gemTally,on weathered 
surfaces, points to the <»xidation ami hydration of minerals eonUining 
iron. 7<V</, in the vast majority of eases, is <lue to lln^ presence of 
anhydrous peroxide of iron. This mineral gives dark blood-red to 
pale flesh-red tints. As it is liable, however, to hydration, these hues are 
often mixed with the hi’own, oraiiL-e and yellow colours of limonite.* 
(tnrn, as the prevailing tint of rocks, occurs amongst schists, when its 
presence is usuiilly due to some of the hydrous magnesian silicaU^s 
(chlorite, talc, serpentine). It appears also among massive rocks, especi 
ally those of older geological format ion.s, where hornblende, olivine, or 
other silicates hafe been altered (as in “ green.stone ”). Among the 
sedimentary rocks, it is principally dmr to ferrous silicate (as in glauconite^. 
Carbonate of copper colours sonle rock.s emerald or xcTdigns gie.en. The 
mottled cliaracter so common among many stratifii^d rocks is frequently 
traceable to unequal weathering, some |s>rtions of the iron being more 
oxidised than others ; while some, on the other hand, become deoxidised 
from the reducing action of decaying organic matter, as in th<‘ circular 
green spots so often found among red strata. 

Lustre, as an external character of rocks, doc^s not possess the value 
which it has among minerals. In most rocks, the granular texture 
prevents the appearance of any distinct lustre. A completely vUretniA 
lustre without a granular texture, is characteriRtic of volcanic glass. A 
splfTul^nt srmi-metallv- lustre may often bo ohservcil upon the foliation 
planes of schistose rocks and upon the lamimc of micficeous sandsUjnes. 
As this silvery lustre is almost invariably due to the presence of mica, it 
is comnfonly called distinctively niir/irfous. A metallic lustre is met with 
sometimes in beds of anthracit^; more usually its occurrence among rocks 
indicates the presence of metallic oxides or sulphides. A resinous lustre 
is characteristic of many pitchstones. Lnstre-mottUnfj is a term applied 
to the intemipte<l sheen on the cleavage faces of minerals, which have 

» J. Y. Buchanan, Hrit. Assoc. 18R1, p. 584. 

= Hec I. C. Rusaell, If. V. S. G. S. No. 52 (1889). 
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enclosed much smaller crystals or grains of other minerals. It is well 
seen on the surfaces of some of the constituents of serpentine rMks. 

5. Feel and Smell — These minor chnracters are occAsionalJ/ useful. 
By the feel of a minerul or rock is mentit the seiisution experienced when 
the fingers nre passed across its surface. Thus hydrous magnesian sili- 
cates have often a marked soapy or greasy feel. Some sericitic mica- 
schists show the s/ime character. Trachyte received its name from its 
characteristic rough or harsh feel. Some rocks adhere to the tongue, a 
quality indicative of their tendency to absorl) water. 

Smell. — Many rocks, when freshly broken, emit distinctive odours. 
Those containing volatile hydrocarbons give sometimes an appreciable 
Mumifious odour, as is the case with certain eruptive rocks, which in 
central Scotland have been intruded through coal-seams and carbon- 
aceous shales. Limestones have often a /did odour ; rocks full of 
decomposing sulphides are apt to give a sulphurous odour ; those which 
are highly siliceous yield, on being struck, an empyreumatir odour. It is 
characteristic of argillaceous rocks to emit a strong earthy smell when 
breathed upon. 

6. Specific Gravity.— This is an important character among rocks as 
well as among minerals. It varies from 0 0 among the hydrocarbon 
conifKumds to 31 among the basalts. As already stated, the average 
specific gravity of the rocks of the earth's crust may be taken to be about 
2'5, or from that to 3’0. Instruments for taking the specific gravity of 
rocks have been already (p. 114) referred to. 

7. Vagnetism is so strongly exhibited by some crystalline rocks as 
powerfully to affect the magnetic needle, and to vitiate ob•er^ation8 with 
this instrument. It is duo to the presence of magnetic*iron, the existence 
of which may bo shown by pulverising the rock in an agate mortar, wash- 
ing carefully the triturated powder, and drying the heavy residue, from 
which grains of magnetite or of titaniferous magnetic iron may be ex- 
tracted with a magnet. This may be done with any basalt (p. 234). A 
freely swinging magnetic needle is of ser\icc, as by its attraction or 
repulsion it affords a delicate test for the presence of oven a small 
quantity of magnetic iron. 

Sect. V. lillcroscopic Characters of Rocks. 

No department of Geology has advanced so nipidly in recent years 
as lathology, and this has Ix'en mainly due to the introduction of the 
microscope as an instrument for investigating the minute internal 
structures of rocks. Though the method of mounting thin slices on glass 
devised by William Nicol was made known to the world in 183^, it was 
not until ISSO that the full value of the method was recognised l*y Mr. 
Sorby and made known to geologists in the epoch-making papers which 
have been already alluded to (p. 119). Reference will be made in 
subsequent pages to the remarkable results then announced by him. 
To the publication of the paper of 18r>8 the subsequent rapid develoji 
ment of the study of rocks may be distinctly traced. The microscopic 
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method of analysis is now in use in every country where attention is 
|)j«d to the history of rocks. 

Information has already been give/j (j) ll!) // .svy.) re^'ardi/)^' tlio 
preparation of sections of rocks for muToscoftiail exaniination, the methods 
of procedure in the practice of this part of geolof^ical research, and .some 
of the terms employed in the following page.« 

1 . Mi('t'<K('opir Ehiiu nts of llink^ 

Koeks when examined in thin seetion.s with the inicrosi-opc are found 
to he composed of or to contain \ai ions elements, of which the more 
imjKirtant are, 1st, crvstal.s, or cry-stallinc grains, 2nd, glass, drd, 
orystallite.s : 4th, detntn.s. 

A. Cky.stai>» uil Chiv.sTAi.MNK (lUAiN^ luick lorming luineralH, 
when not aniorphoii.s, may he either ci vstalliscd m their projier ciystal 
lographic form.s (idiomorphic, antomorphii ), or, while pOi'.se>sing a crystal 
line internal structure, may present no delinite «‘xternal geometrical 
form (allotriomorphie, xenomorjiliic, p SD). 'I'hc j. liter condition is 
more pre\alent, .seeing that minerals li.ive u.suall\ heen develojied round 
and against each other, thus mutually hindering the assumption of 
determinate crystallouraphu contours Otliei caiiso of impcrfeition 
are fracture hy movement in the original magma of the rock, and partial 
solution in that magma (Fig. 11), as in the corriHlcd <juart/, of (juartz 
pmphyries and rhyolites, and the hornhleudc crystals of liasalls The 
ferro magnesian mineials of o.irlier consolidation among hasalls and 
.andesites are sonietiiiie.s surrounded with a daik shell i allcii the eoi 
rosioii /one. In some loeks, such as gianite, llie tlioroiighl} crystalline 
iharacter of tin; coinjionent ingredients in well niaiked. vd they h-ss 
fieipiently present the definite isol.ited ei ystals so often to he ohserved 
in [lorphynes and in many old and model n xoh.ime locks. Among 
thoioughly crystalline rocks, good crystals of the component niiiierals 
rn.iy he obtained from lissnies ami ea\itie.s in which tlicac lia.s hecn room 
for their formation. It is ui tin* “iliu.sy ’’cavities <if granite, for examjiie 
that the well-defined prisms of fels|>ar, ipiart/, mi(‘a, topaz, heryl and 
other minerals are found.* SuccCMsive stages in or<ler of appearance or 
development can readily he oh.ser\ed among the cry.stjd.s of locks. Some 
appejir as large, but freipiently broken or cornsied forms 'riiese have 
evidently been formed first. Others are sinallcr but abundant, usually 
unliroken, and often disjxjsed in lines. Othcis have Ikmui <ieveloj>ed by 
subsequent alUiration within the ro< k.* 

A study of the internal structure of crystals thiows light not merely 
on their owm gene.sis, but on that of the rocks of which they form part, 
and is.therefore well worthy of th<* attention of the geologist. That many 
apimrently simple crystals are in reality eiunjxmrid, may not infrequently 
be detected by the different condition of weathering in the two op|K)8ite 
jwts of a twin on an eximsctl face of rock. The internal structure of a 
crystid modifies the a<*tiou of solvents on its exterior weathero<l 

Kou<jU' aii*i .Miclu-.t-I/v), ‘Mm. .MKrf*Knt|>}i,’ |>. l.M 
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surfaces of ailcite, amgonite and felspars). Crystals may occasionally be 
observed built up of rudimentary microlites/' as if these were the 
simplest forms in which the molecules of a minenii began to a[>pear (p. 1 48). 

A microscopic examination of some rocks show.s that a subsequent or 
secondary growth of different minerals has taken place after their original 
crystalline form was complete. These later additions are in optical con 
tinuity with the original crystal, and sometimes hav6 taken place even 
upon worn or imperfect forms. They may bo occasionally detected 
among the silicates of igneous rock.s, and also even among the sandgrains 
of aan{|stones which have thus had their rounded forms converted into 
crystallographic faces. ^ 

Crystalline minerals are seldom free from extraneous inclusions. 
These are occasionally large enough to be readily seen by the naked 
(!ye. But the microscope reveals them in many minerals in almost 
incredible (piantity. They are, a, vesicles containing gas ; /^, vesicles 
containing li(iuid ; y, globules of glas.s or of some lithoid substance ; 

crystals ; f, Hlaments, or other indefinitely shaped pieces, patch(5H, or 
streaks of mineral matter. 

< 1 . (las -filled cavities are most frequently globular or elliptical, 
and appear to be due to the presence of g.is or steam in the crystal at 
the time of consolidation. Zii’kel estimates those minute pores at 
360,000,000 in a cubic millimetre of the hauyne from Melfi.^ Irr some 
instances the cavity has a geometric form belonging to the cryst.illine 
system of the enclosing mineral. Such a space ilefined by crystallo- 
graphic contours is a iu‘gative cif/slnl. A cavity filled with gas contains 
no bubble, and its margin is marked by a broad dark band. The usual 
gases are hydrogen, carbon-dioxide, carbon-monoxide, marsb-ga.s and 
nitrogen. In experiments recmitly ma<le by Professor TiMen’^ it was 
found that var ious rocks contain many times their own volume of these 
gases, us shown in the following examples:- - 


Volniii** uf Oils |>oi 
Voliimt* ol llofk 

ot (i; 
\ olniiies 

ns in 100 

IJranito (Tcitiary), Sk}c 

•2-8 

11 r. 

11^ Ac 

88-5 

Oriinite (PaliiMi/oic), Ardshcil 

6 9 

79 r. 

*20 •.'i 

Gabbro (Tcitiary), Skye 

3 6 

‘21 0 

78-4 

Gabliro (l’ulieo/,on ), Lizard 

6-4 

trace. 

100 0 

IWalt (Tcrtiaiy), Antiim 

8 0 

32-0 

63 0 

(junitzitc ((.^ainbiinii), Suthciland . 

•2-2 

14-3 

85-7 

Giiei.ss witii Corundum, Seriiigupatam 

17-8 

18 0 

820 


More detailed study of the gases showed that by much the most 
abundant of them is hydrogen, and that carbon dioxide comes next, 
followed by variable proportions of carbonic oxide, marsh -^, and 

^ H. C. Sorby, I*ro‘>i<i«ntiaI Address, Geol. Soc. W80, |>. 62. R. D. living and C R. Van 
Uise, *Oa Secondary Kulargcments of Mineral Fragrarnts in certain Rocks,' B. U, S. U. S. 
No. 8 (1884). J. W. Judd, Q. J. O. S, xlv. (1889), p. 176. 

* ‘Mik. Boschaff.* p. 86. 

» Proc. Roy. Soc. lii. (1896), p. 22:i ; lx. (1897), p. 463. See also a pajHir by I*rof. 
W. Ramsay in same volume. 
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nitrogen, as shown in the subjoined table. The gases appeal* to l>c 
wholly enclosed in the cavities, which are so minute that little is lost bv 
|)Ounding a rock into fragments. 



fix. 

fu 

( H4 


Hj 

Granite from Skye 

23-60 

6;45 

8-02 

18 

61 lis 

Gabbro from Lizard 

5 -.'id 

2-16 

2 08 

1 90 

88-42 

Gueias, Seiiiigapatam 

81 62 

.5 86 


0-56 

()1 98 

Basalt from Antrim 

8-2 08 

•20 08 

10-00 

1-61 

36 15 


/j. Vesicles containing li(juid (and ga.s). -.As far back as t,h<* 
year 1823, Hrewster stiniicd the nature of eertiun Huid-hearing cavities 
in different minerals.^ The first obsor\er wlm showed their ini})or(ant 
bearing on geological researches into the origin of crystalline rocks was 
Mr. Sorby, in whose jwper, already cited, they occupy a pioniinciii 
j)lace. They are frequenfly abundant in (piartz, fels}»ar.s, tojiaz, ('tiuTald, 
sivpphire, gypsum, rock-salt, and other minerals and rocks. \'esicles 
entirely filled with liijuid are distinguished by tlieir sliarply detine, d 
ami narrow black borders. V'e.sicular spaces containing fluid ma} 
be noticed in many artificial crystals formed from aqueous solutions 
(crysUls of common sidt show them well) and in many minerals of 
crystJilliue rocks. They are exceedingly various in form, being branch 
ing, eurveil, oval, or spherical, and sometimes assuming as mgative 
cryst;ils a geometric form, like that characteristic of the mineral in which 
they occur, as cubic in rock salt and hexagonal in quartz, 'I'luy also 
vary greatly in size. While occasionally in (piartz, sapjihire, and other 
minerals, large cavities are readily observable with the naki'd eye, they 
may be traced with high magnifying powers down to less than ,o(>oo^b 
of an inch in diameter. Their pioportion in any one< rysial ranges within 
such wide limit>;, that whereits in some crystals of quartz few may be 
observed, in others they are so minute and abumlanl that many millions 
must be contained in a cubic imh. 'Idle lliiid present is u.siially wat(‘r, 
often with solutions of .salts or of gas, chloride of sodium oi of pfitash, 
or sulphates of jiotash, soda or lime being specially treipient Carbon 
dioxide may be present in the w’ater, or exist by itself in the liquid 
condition. Sometime.s the caviticH are partially occujiicd with it in 
liquid form, and the two fluids, as originally ob.servcd by Hrewster, may 
be seen in the same cavity unmingled, the carlK>n dioxide remaining as a 
freely moving globule within the carbonated water'”-' (aibic crystals of 

* £<h/i. l‘hiL Jduth. IX }». 91. Trans. Itnu Sm Eiiiit. \ |<. ] al»i> W Nitol, 

Edin. New Thil. Jovm. (18‘28). v, p, 94 , D*; la Valh'c t'oiiHhin .ui<l lleimnl, Acad. Hoif. 
fklg. 1876, p. 41 ; Hartley, Jaurn. Chem. •'is ner. 2, xiv p 187 . i*er. 8, ii. p. 241 , 
Microscop. ^onm. xv. p, 170 ; lini. Assitr. 1877, p. 282 

^ Sorby, True, Rity. StK. xvii. (1869), p|>. 29fi, 801. VogeIsanj< il more 

probable that there is only one liquid ^onKistiiiK of water charged with cailionic iieid, the 
globule consisting of the carbon dioxide in the giiheoij.s form. Taggend. Ann cxxxvii. p. 
69, Liquid carlKin dioxide baa been nMOgnised os the Hmd filling many of the cavities in 
cry.Htals. Sinuiiler, Voggend. Ann. cv. p. 460; Vogelsang and Oisalei, op. ai. cxxxvii. 
(1869), pp. 56, 265 ; Sorby, Proc, JOn/. Ajc. xvii. (1869), p. 291. (J. W. Hawes has 

descrihed a remarkable instance in the quart* of a peginatilx* vein in Connecticut where the 
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chloride of sodium may be occasionally observed in the fluid, which 
must in such cases be a saturated solution of this salt (Fig. 10, lowest 
figure in Column A). Usually eiich cavity conbiins a small globule or 
bubble, sometimes stationary, sometimes movable from one side or end 
of the cavity to the other, as the specimen is turned. With a high 
magnifying |) 0 \ver, the minuter bubbles may be observed to be in motion, 

sometimes slowly pulsating from 
side to side, or rapidly vibrating 
like a living organism. The 
cause of this trepidation, which 
resembles the so called “ Brown- 
ian movements,’’ has been plaus- 
ilily explained by the incessant 
interehange of the molecules 
fr<)m the liipiid to the vaporous 
<-ondition along the .surface where 
vapours and iKpiid meet — an 
inter<’hang(‘ which, though not 
visible on the large bubbh'S, 
makes itself ajip.ircnt in the 
minute evamphis, of which the 
dimensions are comparable to 
The bubble niav bo made to 
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those of the intenuolecular spaces, 
di.sappiiar by the applieatioii of heat. 

With regard to the origin of the bubble, Sorby pointed out that it 
can be imitated in artificial crystals, in wliieh he explained its existence 
by diminution of volume of the li<iuid owing to a lowering ol' temperature 
aBer its enclosure. By a series of experiimMits he a.seertaiuod the raf(‘ of 
expansion of water and saline solutions up to a temperature of JOO 
(392' Fahr.), and calculated from tlnrn the temperature at wdiuh the 
li<{uid in crysUds would entirely fill its enclosing cavities. Thus, in the 
nephelino of the ejected hlocks of Monte Sornma, ho found that the 
relative size of the vacuities was aliout of the fluid, and a.ssuming the 
pressure under which the crystals were forme<l to liave been not much 
greater than sutticient to counteract the elasiie force of the vapour, he 
concluded that the nephelino may have been formed at a tempera- 
ture of about 340" C. (644' Fahr), or a very dull red heat, only just 
visible in the dark. He estimated also from the fluid cavities in the 


outer zone of the cavity coiiHifti of water, tlic ntuMlc zone of carbonic iiio\iiic, ami 

the inner globule of the at'ul in giweoiw form, Anifr. Jmirn. Sci. \xi. (1881), p 204. Mr. 
A. W. Wright haa detenu iued that the gaies in the cavitie.s »f smoky quartj consist of 
(.'O.J 98 '33 jwr cent, N 1’67 ; with tracca of H.^S, SO.., HjN, and doubtfully t'l.. Op. cit. 
p, 21d. • 

• C'harlionelle and Tbirion, Jtev. Qwst. tktfnUJi. vii. (1880), p. 43 ; G. W. Hawes Amer. 
Jmtrn. Sci. xxi. (1881), p. 203 ; A. W. Wright, thid, p. 209 ; Von I^asaulx ami A. Ilenard, 
HUxh. Ots. Bonn (1871), p. 254. On the critical point of water. Ac., in these 

ravitiea, 6>ee Hartley, Journ, Vhfin Soc. .ser. 3, ii. p. 241 See also 1‘op. ,s-t. Rev. new 
Her. i. p. 119 ; PnK. Rot/. Soc. xxvi. (1875), pp. 137, 150. 
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quartz of granite that this rock has probably consolidated at somewhat 
similar temperatures, under a pressure sometimes equal to that of 76,000 
feet of rock-* Zirkel, however, has pointed out that even in contiguous 
cavities, where there is no evidence of leakage through fine fissures, the 
relative size of the vacuole varies within very wide limits, luid in Such 
a manner its to indicate no relation whatever to the tlimensions of the 
enclosing cavities. Had the vacuole been due merely to the contraction 
of the li<juid on cooling, it ought to have always l>een proportionate to 
the size of the cavity.- 

M.Nr. I>e la Vallee Foussin and Kenard, attacking tlic que.stiun from 
another side, measured the relative jlimensions of the vesicle and of its 
enclosed water and cube of rock salt, as conUiined in the quart /irert)us 
diorite of Quenast in Belgium The temperature at which the ascertained 
volume of water in the cavity vvould dissolve its ailt vnu.s found by cal- 
culation to be 307' C. (020 Fahr ). But as the law of the soluliility of 
common salt had not been experimentally determined for higli tempera- 
tures, this figure could only he accepted provisionally, though other 
considerations went to indicate that it i.s prohahly not far from the truth. 
Assuming then that this was the temperature at which the vesicle was 
formed, these authors proceeded to iletermirn* the pressure necessary to 
prevent the complete vapoiisation of the wattu- at that temperature, and 
obtained, as the lOvSult, a pressure of 87 atmospheres, equal to 84 tons j)er 
8(juare foot of surface.’ That many rocks were formed under great 
pressure is well shown hv the li(|uid carhon-dioxidc in the jmui's of their 
crystals. 

Although, perhaps, iii most wises, the liquid inclusions are to bo 
referred to the conditions under which the minerals containing them 
crystallised out of the original magma, they have in some cases evidently 
been developed long subsequently by a process of internal solution, either 
in one of the original minerals during decompoMtioii, oi in a mineral of 
secondary origin, such as quartz of sulisequent intiodiictioii * 

Liquid inclusions may l>e disper.scil at random through a crystal, or, 
as in the (juartz of granite, gathered in intersecting planes (which look 
like fine fissures and which may sometimes have* become lea! fissures, 
owing to the line of weakness eausdl by tin* crowding of the eaviLics), or 
dis|)osed regularly in reference to the contour of the ery.stal In the last 
case they are sometimes confined to the centre, .sometimes arranged in 
zones along the lines of growth of the crystal '* In this form they aie 
' ijnnit Jmirn. tirol. S<h-. jov. f)p. 480, 493. 

- -Mik. Bcschaff' p. 46. 

.Mi'iiioire sur Ifs Roches dite# Fluto)UenneM de la Belj^iqut*,’ I)f 1» Vallo- I’ousmii arid 
A. iteuanl, Aaul. Hoy. Bely. 1876, p, 41. See alao Ward, V ***'• !’• 

believed tfial the gi.-rnites of t’iiiiib«*rl.iij^l con<4olidat('<1 at a uiaxnitmn iii-pth of 22.000 
to 30,000 f,-et. 

^ See Whitman Cions (m the devrlojunent of h<piid inrluMoiiK in plagio^ltw iliirmg llte 
decotniKJNition of the gneiss of BnttHiii, T'<hermnk'H Mm MtHhfil 1880, j>. 369 , iiIho 
<J. F. Becker, “tieology ol Comstock IxkI**, " (J. X O X. 1882, p. 371, 

* The way in whicli vemcles, eDcIoaeil crystal*, ft<* , an- groniied along llif /ttnes nf 
growth of crysUK is illiistraO'd m Fig. II. 

VOL. I L 
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specially conspicuous in the quartz of granite and other massive rocks, as 
well as of gneiss and micii-schist 

y. Inclusions of glass or of some lithoid substance. In 
many rocks which have consolidated from fusion, the component crystals 
contain globules or irregidarly shaped enclosures of a vitreous nature (Fig. 
10, ('oliunn li). These enclosures are analogous to the fluid-inclusions just 
(Je«cnb<*d. They are jwrtions of the original glassy magma out of which 
the rnirierais of the rock crystallised, as portions of the mother-liquor are’ 
enclosed in artificially formed crystals of common salt. That magma is 
in reality a liquid at high temperatures, though at ordinary temperatures 
it becomes a solid. At first, these glass-vesicles may be confounded with 
the true liquid cavities, which in .some respects they clo.selv resemble. 
Hut they may be distinguished by the immobdity of their bubbles, of 
which several are .sometimes present in the same cavity ; by the absence 
of any diminution of the bubbles when heat is applied ; by the elongated 
shape of many of the bubbles ; by the oc'casional extrusion of a bubble 
almost beyond the walls of th(‘ vesicle ; by the usual pale greenish or 
brownish tint of tin; siibstfince filling the A'esicle, and its id(;ntity with 
that forming the surrounding base or ground-mass in which the crysUls 
are imbedded ; and by the complete passivity of the substance in polarised 
light (see p. 1 25). 

(Hass inclusions occur almndantly in some minerals, aggregated in the 
ceritre of a crystal or ninged along its zones of growth with singular 
regularity, d’hey appear in felspars, cpuirtz, leucite, and other crystalline 
ingrediotits of volcanic rocks, and of course pro\e that in such ijositions 
these minerals, ev(*n the refractory quartz, have undoubtedly crysUllised 
out of molten solutions. 

In inclusions of a truly vitreous nature, traces of devitrification mav 
not iufie(|uently be seen. In |Kirticular, microscopic crystallitc^s (p. 148) 
make their appearance, like those in the ground -mass of the' rock. 
Sometimes the inclusion.s, like the general ground-mass, have an entirely 
sUiny character (Fig. 10. C). This may be well observed in those which 
have not b(!en entirely separated from the surrounding ground-mass, but 
are connected with it hy a narrow neck at the periphery of the enclosing 
crystal. In some granites and in elvan.s, the quartz hy" irregular contrac- 
tion, while still in a plastic state, appears to have drawn into its substance 
portions of the surrounding already lithoid Itase ; ^ hut this apjiearance 
may sometimes be due to irregular corrosion of the crystals hy the 
magma." 

S. (’rystals and crystalline bodies. — Many component minerals 
of rocks contain other minerals (Fig. 11). These occur sometimes as 
perfect crysUils, mon* usually as what are termed microlit^ (p. 148), 
liiko the glass inclusions, they tend tq range themselves in lines along 
the successive zones of growth in the enclosing mineral. Microlites arc 
of freipiont occurrence in leucite, garnet, augite, hornblende, calcite, 
fluorite, Ac. From the fact that microlites of the easily fusible augite 

' J. A. I’hilliiw, V- y. <»'. \x\i. p. 338. 

* Fouqui- aiul Miclu‘l-I.*'vy, ‘Min. Microjfniph.’ 
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are, in the Veauvian lavas, enclosed within the extremely refractory 
leucite, it was supposed that the relative order oi‘ fusibility is not always 
followed in the microlites and 


enveloping crystals. But this 
has been satisfactorily explained 
by MM. Fouqin^ and Afichol-Levy, 
who have shown experimentally 
that leucite, when crystallising 
from fusion, tends to catch up 
inclusions of the surrounding 
glass, which, should the ghiss b(‘ 
pyroxenic, may assume the form 
of augite.^ 

€. F’ilamerits, streaks, 
patches, discolorations. — 
besides the enclosures already 
enumerated, crystals likewise 



fre(iuently enclose irregular por- i.,,. n , fnKt.mM ftni 


tions of mineral matter, <Iue to 
alteration of tlie original sub 
stiirice of the minerals or rocks. 


CiysUl M <l>ki, CrHwfoi'iljDhii, l.aiiAikHhiti' 
(iiMKiiifuxl), Mlidwitij; lii.t'H (if urowtli with M'Nirlm 
amt iiiairiM'titc ci vkUIs 


Thus tufts and vermicular aggregates of certain green ferruginous 
silicates are of common occurrence among the crystals and cavities 
of old pyroxenic volcanic rocks. Orthoclast* crystals are often 
mottled with patches of a grafuilar nature, due to partial conversion 
of the mineral into kaolin. The magnetite, .so frecjui'iitly enclosed 
within mitierals, is al)undantly oxidised, and has given rise to brown 
and yellow patches and discolorations. The titaniferous imri hivs 
often been altered and partially rei»laced by amorphous streaks 
and patches of leucoxene. Care must be taken not to c<mfound these 
results of infiltrating water with the r)riginal characters of a rock. 
Practice will give the student confidence in distinguishing tliom, if he 
familiarises his eye with decompo-sition proilucts by studying slices or 
the powder of weatbeied minerals and of the weathered jwrts of rot'.ks. 

R Glass. — Even to the umissistcd eye, many volcanic rocks consist 
obviously in whole or in great measure of glass.^ This substance in 
mass is usually black or dark green, but when examined in thin sections 
under the microscope it presents for the most j>art a pale }>rown tint, or 
is nearly colourless. In its purest condition it is quite stnicturdess, 
that is, it contains no crystals, crystallites, or other distinguishable 
individualised bodies. But even in this state it may sometimes l>e 
observed \o be marked by clotrlike patches or streaks ol daiker and 
lighter tint, arranged in lines or^ddy-like curves, indicative of t-lie flow 
of the original fluid mass. Rotated in the dark field of crossed Nicol- 
prisms, such a natural glass remains dark, as, unless when; it has under- 
gone internal stresses, it is [)erfectly inert in |)olarised light. Being thus 


‘ 'Synthfcaede* Mioi'raux,* 1882, p. 165. 


* See E. Cohen on Glatwy Rocks, Nti'fi Jahrb. 1880 (n-K j*. 23. 
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isotropic^ it may readily be distinguished from any enclosed crystals which, 
acting on the light, are anuotrojnc (p. 125). Perfectly homogeneous 
structureless glass, without enclosures of any kind, occurs for the most 
part only in limited patches, even in the most thoroughly vitreous rocks. 
Originally the structure of all glassy rocks, at the time of most complete 
fusion, may have been that of perfectly unindividualised glass. But as 
these mas.ses tended towards a .solid form, devitrification of their glass 
set in. Many forms of incipient or imperfect crystallisation, as well as 
perfect crystals, were developed in the still fluid and moving mass, 
and, together with crystals of earlier growth, were arranged in the 
direction of motion. Devitrification has in fre(|uent e.xamples proceeded 
80 far that no trace remains of any actual ghi.s.s.* 

C. Crystali.itks .and Mi<;K()i.iTK.s.“--Under the.se names may be 
included minute inorganic bodies po.ss»‘ssing a moD' or less definite form, 
but generally without the geometrical characters of crystals. They occur 
most commonly in rocks which have been formed from igneous fusion, 
but are found also in others which have re.sulted from, or have been 
altered by, aqueous .solutions. They .seem to be eaily or peculiar forms 
of crystal li.sation. 'Phey are abundantly developed in artificial hlag.s, and 
appear in many modern and ancient vitreou.s locks, but the conditions 
under which they are produced are not yet well uridei-stood.'* 

Crystallites are distinguisheii by lemaining isotiopic in jiolarised 
light. The simplest are extremely minute drop like bo(lie.s or ijhthulift’s, 
sometimes crowded confusedly through the glass, giving it a dull or 
somewhat granular character, while in other case.s they are airanged in 
lines or groups. Cradatioiis can be traced from spherical or s))heroidal 
globulites into other forms more cllipticid in shapt', but still having a 
rounded outline and sometimes sharp emis (longuhif.s). 'Fhere does not 
apjiear to be any essential distinction, save in degree of deNelopnient, 
between these forms and the long nal-like or needle .shaped bodies which 
have been termed /Wenr/c.s. Existing .soiuetime.s as mere .simple needle.s 
or rods, these more elongated crystallites may be traced into more 
complex forms, curved or coiled, at one time solitary, at another in 
groups. Ill most cases, crystallites are trail, spirent and colourless, or 
slightly tinted, but sometimes they are Idack and opaque, from a coating 
of ferruginous oxide, or only apfiear so as an optical (lelusion from their 
position. Black, .seemingly opaque, hair like, twisted and curved forms, 
termed trir/iUcs, oecur abundantly in obsidian. 

' rt on till" iiu<tum.' 0 )iic charaotor of devitnheil kI*'-'''’ <*i"I "’"iiie anulogoua 

ro<’k-8trncturi*.s, by D Hfiinuu and F. Kiitley, /*rof. Jiny. Soc 1885, p. 87. 

The wonl crpstallU« was Aral uuetl by Sir James Hall to denote the lithoid substance 
obtained by him after fusing and then slowly cooling vorions “ wbinAtones (itiabases, Ac.). 
Since ita revival in lithology it has been applied to the minuter bodies above .described. 
The student should consult Vogelsang’s * Philosopdiie der Oeologie,’ p. 189 ; * Krystalliten,’ 
Bonn, 8vo, 1876 ; also his descriptions in vlrcAitrs Nfrrlandatses, v. 1870, vi. 1871. Sorby, 
Hrit. Asmk. 1880. Vogelsang was the first to describe and classify these minute objects. 

* They are well exhibiteil also in ordinary blow pipe beads See Sorby, Bnf. A«aoc. 
1880, or Oeol. Mag. 1880, p. 468, They have been produced e.x^iennientally in the 
artificial rocks fused by MM. Fouqm" and Michel- l/\y. 
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Microlites are other incipient forms of crystallisation which differ 
from crystallites in that they react on polarised light. They assume rod- 
like or needle-shaped forms sometimes occurring singly, sometimes in 
aggregates, arid even occasionally grouped into skeleton crystals. They 
can for the most part be identified as rinlimentary forms of definite 
minerals, such as augite, hornblende, fels|)ar, olivine, and magnet iU', 

(lood illustrations of the general character and grouping of crystallites 
and microlites are shown in some vitreous basalts and andesites Thus in 



Vin l‘J Aii^it« ('r\HUn HurnnitKieil liv <'i\s It MiorulitcHuml ( rvslatlinth nl thu I’llch- 

UIIiIms and MicniliU'a, fro'ii the \jlr<M)iis i>f Aitwi, hihkiiiIIwI TO dintiud^m. 

Andcuito of Kidelalioiuiii , nmKnilltxl soo (S<>c p '.>H> ) 

diaiiif>t«Ts 

Fig 12 the outer |K>rtion of the field displays crowded glohulites and 
longulit(;s, as well as here and there a few helonites and sorm* curved and 
coiled trichites. Kound the iu<ie augite crystal, these various bodies have 
been diawn together out of the surrounding glass. Xunierous rod like 
microlite.s diverge from the crystal, and the^e are nnue or less thii kly 
crusted with the simpler and smaller fonns.‘ In Fig. Id, the reinarkahly 
beautiful stnicture of an Arran pitchstone is shown , the glaasy base 
being crowded with minute microlites of hornblende which are grouj)od 
in a fine feathery or brush like arrangement round taiienng rods. In 
this case, also, we see that the glassy base has been clarifiecl round the 
larger individuals by the abstractk)!! of the crowded smaller microlites. ily 
the progressive development of crystallitt‘s, microlites, or crystals during 
the cooling and consolidation of a molten lock, a glass ht.scs its vitreous 
character and becomes lithoid ; in other words, undergoes devitrification. 

The characteristic amorphous or indefinitely granular and fibrous or 
scaly matter, constituting the microscopic base in w'hi*:h tlie definite 
crystals of felsites and porphyries are imladded (pj). 20[t. 2 Hi), has 
been the subject of much disciission. lletween crossed Nicol prisms it 
sometimes behaves isotropically, like a glass, but in other cases allows 
a mottled glimmering light to pass through. It is now well understood 
to be a product of the devitrification of once glassy rocks wherein the 
* IWoc. Hoy. /Vfy*. Ktivtt. v. p. 246. Plate v. Fik J H' l«‘an, V ^ 

il. p. 221. Plate xii Fitr. 2a. 
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crystallitio and microlitic forms can still be recognised or have been more 
or less effaced by subsequent alteration by infiltrating water.^ 

Every gradation in the relative abundance of crystallites may be 
traced. In some obsidians and other vitreous rocks, portions of the 
glass can be obtained with comparatively few of them ; but in the same 
rocks we may not infrequently observe adjacent pfirts where they have 
l)een so largely developed as to usurp the place of the original glass, and 
give the rock in consequence a lithoid aspect (Fig. 10, C’, and pp. 210-216). 

1). Detritus, — Many rocks are composed of the detritus of pre- 
existing materials. In the great majority of cases this can be rearlily 
detected, even with the naked eye. But where the texture of such 
detrital or fragmental (cla.stic) rocks becomes exceedingly fine, their true 
nature may require elucidation with the microscope (Figs. 20, 21). An 
obvious distinction can be drawn between a mass of compact detritus and 
a crystalline or vitreous rock. The detrital materials are found to consist 
of various and irregularly shaped grains, with more or less of an amorphous 
and generally granular paste. In some cases the grains are broken and 
angular, in others they are rounded or waterworn (pp. 164, 166). They 
may consist of minerals (quartz, chert, felspars, mica, Ac.), or of rocks 
(slate, limestone, basalt, Ac.), or of the remains of plants <>r animals 
(sfiores of lycopods, fragments of .shells, crinoids, Ac.). It is evident 
therefore that though some of them may be crystallirje, the rock of winch 
they now form part is a non crystalline compound. \\'ater, with 
carbonate of lime or other mineral matter in solution, permeating a 
^ <lotriti»l rock, has sometimes allowed its di8.solved materials to (Tystallisc 
among the intomtices of the detritus, thus producing a more or less 
distinctly crystalline structure. But the fundamentally secondary or 
derivative nature of the mass is not always thereby eftaced.*'^ 

2. Mirrosmpv' Stntdui fs of ]iorh. 

We have next to consider the manner in which the foregoing 
microscopic elements are associated in rocks. This inquiry brings before 
us the minute structure or texture of rocks, and throws grcJit light upon 
their origin and history.* 

t!\)ur ty^HJs of rock-structure are revealed by the microscope : — A, 
holocrysUdline ; H, homi-crystalline ; C, glassy ; 1), clastic. 

A. IIoLoURYSTALLlNE, consisting entirely of crysUds or crystalline 
individuals, whether visible to the naked eye, or re<juiring the aid of a 
microscope, imbedded in each other without any intervening amorphous 
substjince. Kocks of this ty'pe are exemplified by granite (Figs. 1 4 and 28) 
and by other igneous rocks. But they occur also among the /crystalline 

* Soe Zirk«I, ‘ Mik. Bonchaff.’ p. 280. RoRenhuscli, ‘Mikraskop. Phys.’ vol. il. 

* Oil the microscopic character of detrital rocks consult the volume of M. Cayeux, cited 
^Hie, p. 108 ; also the manuals of Zirkel and Rosenbusch. 

® The first broad classification of the microscopic structures of rocks \va.s that proposed 
!>y Zirkel, which, with slight modification, is here adopted. ‘Mik. Besohalf.’ p. 265; 
’Basaltgeetcine,’ p. 88; ‘[.^rbuch,' i. p. 686. See also RoNcnbusch’s siigge.stive paper 
already eit«*d, JaJirb. 1882(ii.\ p. 1. 
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limestones and schists, as in statuary marUe, which consists entirely ‘>f 
crystalline granules of calcite (Fig. 27). Professor Zirkel recognises the 
following th^ree varieties in this type of structure.* 

(1) No constituent is more prominent than another Hthor as to toim oi sot- In 
some ca.<i«a the whole of the minersli are of nearly ei|ua] ilinit-nstons, t-nttit-l) oi ahnost 
entirely allotriomorphic (xenomorphic) in sha)H>, and vary ni sue iVoiu ottaise ^muuiiUi. its 
ill many granitea, down to microscopic fineness. This is tlie “gnuntio stiiiiiim'” uf 
M. Michel-Levy, and the “hypidiomorphic stnu-tur*- "of I'roh-ssor Kost-nliust ii In olln-i 
cases, a pegmatitic intergrowth of the minerals, esjieoially tpiartz and felspar, piMv.id«'s 
the rock and gives rise to the “ pegmatoid ’’ or “ nucrojs-gmatilu- ” sirnitnu’ of tlie 
former petrographer, and tlie “granophyric” structure of lh<- hitlei 

(2) Some constituents are conspicuous above the rest by thm mure iintuinoipliu- 
(idioinorphic) forms. This may an»e in a rock of toleiably uiufoiin grain bj the .tpjHai 
ance of crystals with some of their crystallogiaphie faces developed “gi.mnlitn '' uf 
Michel-Levy, “ panidioinorphic ’’ of Kosenbusch) . or wheie the felspar ). it lis have Home 
other crj’Stalline miticial squeezed, as it were, ni Itetween tliem gi'iiig use to tlie 
“ interaertal "or “ ophitic " structuie. 

(If) Certain of the oonstitnents stand out by I heir M/e (ami ioiin,aboie tin- otlier 
smaller crystalline ingredients of the aggregate, giving imc to laiictics ot the j-oiplifi- 
itic structure. 

As the liolocrystalline eruptite rucks (p. IDh) aic typicully icpiesciiUMl 
by granite, the term ifiamhui has liecii um-iI (<» expicss then iiitcniscojiic 



Kix. ll.- llutu<i>.4Ullm<- MiHcliji. (.‘0 

(liaiiieterN). Tfo- Hhitf jsnieius arc (Jiiarl/, 
lln-strip*-<l j«rts Fclspai, theloiix, .l.irk, Im* h 
stniiteil sliii>*-s .m- Mica. (Sec p. ,-04 ) 


) ... r., II.-III. ( r\ O.tllm- MriictMic 

I -nimi'titij: '■! (» iruliiiie hcl.*jiHr, lunl 

m a .lc\ (Uill.il ^ruiitid iii«hs (■,'() 
■ liioiK t'-is) Hic lonneiuiiH nnriow piisiiii* 
!ti*- tri. litoc I'. l«]«ir , the hiua'lei iiiuiiuf Imic 
liiritis. N)ii;hl)y sitndcil in tin- duiwoiK, fire 
Ali^'ltc . Jhc fit«< k sjiecks .IP- MHi,lii-(ili- ; 
the n'.edli s)iii)ie<| fiinTiK «r.- Vjifilltc (Sec 

P -jaa 1 


structure. Where their elements are minute, the efructme becomes 
miirofjrnnituvl or euiiltc, and ean in many cases only be flistinguished from 
felsittc. by microscopic examination. Empty (miarolitic, p 1 .14 ) (cavities 
have been left during the consolidation of some igneous ris^ks. .Minute 

• ‘ I.^hrb«cb.’ t. p. SSS. 
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interspaces l)etween the crystalline grains of a rock characterise the 
Mccharoid structure (Fig 27).^ 

B. Hkmi-cky.stam.ine.- — This division probably comprehends the 
majority of the massive eruptive or igneous rock.s. It is distinguished 
by the occurrence of what appears to the naked eye as a compact or 
finely granular ground-mass, through which more or less recognisable 
crystals are scattered. Examined with the microscope, this ground-mass 



is found to present considerable diver- 
sity (Figs. If), 17, .31). It may be 
( 1 ) w holly a glass, as in some basalts, 
trachytes, and other volcanic pro- 
<luct8 ; (2) partly de vitrified through 
separation of peculiar little granules 
and needles (crystiillites and micro- 
litos) which appear in a vitreous base ; 
(.3) still further devitrified, until it 
becomes an aggregation of such little 
granules, nec(lles, and hairs, between 
which little (>r“ no glass base apjicars 
(microcrystallitic) , or (4) “micro- 
fclsitic” (petrosiliceous), closely re- 
lated to the two previous groups, and 
consisting of a nearly structurele.ss 


nias.s, marked usuall\ with indefinite oi half efi'aced granules and fikaments, 



A n 

Kijf. 17. — liitnsciiul OI 0|ihilir .StMU'OiK- ^ M\).' (iii.iniotH-.l) It linliitti- 

OorU('luK>»n, Co n«Tr>- (inagiulIH). 


but behaving like a singly-refracting, amorphous brnlv (p. 1 t!t). 


‘ Fouqut* and Michel- b'wy, 'Mni. Micrograph.' Tho micropegmatite of MieiicI-I/vy 
i«i the sauie a» the .structure sulxsequently named graSophyre tiy Roxenhu'M'li. MichcMi*-vy. 
* Roches eruptivea,’ p. 19. 

• For this structure the term '• luixeil ” ha-, been proposed, as being a mixture of the 
crystalline and amorphous (glassy) structures. It has t>een designateti by FouquA and 
MioheI-L4vy “trachytoid,” as lieing typically developed among the trachytes {postm. p. 226). 
It is called “ hypocry .stalline ” by Rosenbuach. 
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In rocks belonging to this type, u sphtndUic structure has sometimes 
been produced by the appearance of globular bodies composed of a 
crystalline internally radiating substance, sometimes with concentric shell 
of amorphous material. Spherulites arc sometimes so minute as to bo only 
recognisable with the microscope, when they eacli present a black cross 
l)etween crossed Nicol-prisms, and thereby (haracteristically reveal the 
mcrosphernlitic structure (Figs. 6 and 16).^ 

The term intersertal (Zirkel, 1870) or ophitic (Foiupn* and Michel 
l,«’‘vy, 1879), already mentioned, is applied to a structure in which one 
mineral after crystallising has been enclosed within another during the 
consolidation of an igneous rock (Fig. 17). It is abundant in many 
dolerites and diabases where some bisilicate such as .siigite servos as a 
matrix in which the felspars anti other crystals are enclosed. 'Phe name 
“ophitic ” is derived from the so-called “ophites" of tlie Fynmees.^ 

Glassy. — Composed of a volcanic glass such as has alrt'.'wly been 
doscrihed. It seldom hajipens, however, that rocks which seem tt) the eye 
to he tolerably homogeneous gla.ss do not contain abundant crystallitas 
and minute crystals. Hence entirely vitreous rocks are of comparatively 
rare occurrence, and where representiitives of them do locally occur they 
are apt to graduate into the secornl or hemi-crysiallino type. This grada- 
tion and the abundant traces of a devitrified base or magma between the 
crystals (if a vast nunilier of eruptive roek.s, lead to the lieliof that the 
glassy type vv^as the original condition of most if not all of th(*8e rocks. 
Frupted as molten masses, their mobility would depend upon the fluidity 
of the glass Yet even while still deep within the earth’s crust, soim^ of 
their constituent minerals (felsjuirs, Icucite, magnetite, iVc.) were oftmi 
already cry.stallised, and suffercnl fraetun* and corrosion by suhse(|uent 
action of the enclosing magma. Hence, where the magma has suhse- 
(pietitly crystallised we can distinguish between the carliei crystals (first 
consolidation) and those of the later time (second consolidation)^ I here 
may thus be two generations of felspar in the same rijek. I ho older 
crystals are usually larger than those of suhsecpient growth. 

The movement of the magma in glassy rocks is often well .shown by 
JldW - .striwlurr {Jiuxton-, Jltu iHotWH-, Jluulnl stmeiurr), already referred to. 
Crystals and crystallites are ranged in current- like lines, with theii 
long axes in the direction of these lines. Where a large older crystal 
occurs, the train of minuter individuals is found to .sweep round it 
and to reunite on the furthei' .side, or to he div(*rted in an eddy -like 
course, with occasional involutions and contortions (Fig. 18). fv) 
thoroughly is this arrangement charar’teristic of the motion of a some 
' Fouqui' and Michel-L<'-vy, 'Mi«. Microgrui.ir S*>ine remarkably liea.il.fwl exampl.-..', 
of inicrosplKPTulitic atnicture occur in the quarlJi-iwriiliyne-i that travomc tlir lower Cambrian 
tiiHs at St. David’s. V- *»***• P- 

Theiw rockfi (which are conne<;tc<l Vith the dial«'‘eii) hM\e been critically atudi««] bj 
Michel-Levy, B. G. F. yi. (1877), p. 156 ; x. (1«82) ; Cjiralp, ‘ KtiidcK jp olofnqiies aur lea 
haiits Massifa dea Pyreni'c.H centrales,’ Touloiiae, 1888 , J, Kilhn, h. G G. xxxlii, 
(1881), p. 372; Dieiilafait, C/owi/V. jcnrf. xciv. (1882), p 667; xcvii. (188.3), p. 1089; 
Ucroix, op. ct/. cx. (1890), p. 1011 ; BtJl. Min. Fmwe, xiv. (1891), p. M; J. Seunea, 
Ann. Minr.'i, xMii. (1890), p. 434. 
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what viscid liquid, that there cannot be any doubt that such was the 
condition of these masses before their consolidation. This flow-structure 
may be detected in many eruptive rocks, from thoroughly vitreous com- 
pounds like obsidian, on the one hand, to completely crystalline masses 
like some dolerites, on the other. It occurs not only in what are usually 
regarded as volcanic rocks, hut also in plutonic or deep-seated masses 
which, there is re^ison to believe, consolidated beneath the surface. An 
instance was described by l^ossen in the Bode vein of the Harz. Many 
other examples have since been found among quartz-porphyiies associated 
with gi’anites in Aberdeenshire, in felsite dykes and bosses in the Shet- 
lands, Skye, and southern Ireland, and among the basic dykes of central 
and wosterfi Scotland. The structure, therefore, cannot be regarded as 



of itself atlbi’ding any [U'esumption that the rock in which it is found ever 
flowed out at the surface as lava. 

Some glassy rocks, in cooling and consolidating, have had spherulites 
4levelo|)od in them (Fig. 16); also by contraction the system of reticulated 
and spiral cracks known as pcrhtk structure (p. 133, and Figs. 8 and 19). 

The final .stiffening of a vitreous mass into solid stone has resulted 
(1st) from more solidification of the glass : this is well seen at the edge 
of dykes and intrusive sheets of different basalt-rocks, where the igneous 
mass, having been suddenly congealed along its line of contact with the 
surrounding rocks, remains there in the condition of glass, though only 
an inch farther inward from the chilled edge the vitreous magma has dis- 
appeared, as represented in Fig. 306 ; (2nd) from the devitrification of 
the glass by the abundant development of microfelsitic granules and 
filaments, as in quartz-porphyry, or of crystallites, microlites and crystals, 
as in such glassy rocks as obsidian and tachylite ; or (3rd) from the 
more or less complete crystallisation of the original glassy base, as may 
be observed in some dolerites, 

D. Ci*ASTlo. — Composed of detrital materials, such as have been 
already described (pp. 135, 150, and Fig. 20). Where these materials 
consist of grains of quartz-sand, they \vithstand almost any subeequent 
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change, and hence can be recognised even among a highly ineUnioiphosod 
series of rocks. Quartzite from such a series can sometimes \>e scarcely 
distinguished under the microscope from unaltered quartzose siimlstonc. 
Where the detritus has resulted from the destruction of iduminous or 
magnesian silicates, it is more susceptible of alU‘ration. Hence it can 
he trac^ in regions of local metamorphisra, l)ecoming more and more 
crystalline, until the rocks formed of or containiiig it piiss into true 
crystalline schists. 

Detritus derived from the comminution or decay of organic remains 
presents very different and characteristic structure.s (Kig. 21). Some- 
times it is of a siliceotis nature, as where it has been derived from 
<liatoms and radiolarians. Ihit most of the orgatiically dcri\.‘<l dctriul 
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rocks ue calcareous, formed from the remains of foraminifera, corals, 
echiiuMJerms, {tolyzoa, cirripe<le.s, annclidcs, mollusks, crust acca and 
other invertebrates, with occasional truces of fishes or even f>f higher 
vertebrates. Distinct differences of microscopic structure can be detected 
in the hard parts of some of the living represen Uiti\e8 of these forms, 
and .similar differences have V>een detected in beds of limesUme of all 
ages. Mr. Sorby, in a paper already cite<J, has shown how characteristic 
and persistent are some of those di.stinctions, and how they may be 
made to indicate the origin of the rock in which they occur.' Then* is 
an important difference between the two forms in which carlKinate of 
lime is made use of by invertebrate animals ; aragonite being much less 
durable than calcite (pp. H)6, 177). Hence, while shells of gjisteropfals, 
many l^raellibranchs, corals ami other organisms, forine/1 largely or 
wholly of aragonite, crumble down iiitio mere amorphous mud, j>aHs into 

‘ The student who would further ^nvestignte this subject sJiould consult the suggenlive 
»Mil Inmiiious essay by Mr. Sorliy in his Presidential Address to the (teological Hociety, 
Q. J. (i. »SL 1879. The iiticioacopic I’baracters of a series of MeHozoic and Tertiary detrital 
rocks are given by Dr. L. (Jayeux in his ‘Contribution k I’litude micrographiijue deli 
Terrains si'slimeDtaires,' Lille, 1997. Further details in this subject will be found in 
subsequent pages of this ^o!ume fpp. 176*179). 


1ft# BOOK n PART n 

crystalline calcite, or (jisap|>ear, the fragments of those consisting of 
calcite may remain quite recognisable. 

It is evident, therefore, that the absence of all trace of organic 
structure in a limestone need not invalidate an inference from other 
evidence that the rock has been formed from the remains of organisms. 
The calcareous organic d^jbris of a sea-bottom may be disintegrated, and 
reduced to amorphous detritus, by the mechanical action of waves and 
currents, by the solvent chemical action of the water, by the decay of 
the binding material, such as the organic matter of shells, or by being 
swallowed and digested by other animals (/mfea^ pp. 602, 614).^ 

Moreover, in clastic calcareous rock.s, owing to their liability to altera- 
tion by infiltrating water, there is a tendency to acquire an internal 
crystalline texture (p. 474). At the time of formation, little empty 
spaces lie between the component granules and fragments, and according 
to Mr. Sorby these interspaces may amount to about a quarter of the 
whole mass of the rock. They have very commonly been filled up by 
calcite introduced in solution. This infiltrated calcite acquires a 
crystalline structure, like that of ordinary mineral-veins. But the 
original component organic granules also themselves Ixjcome crystalline, 
and, save in so far as their external contour may reveal thin'r original 
organic source, they cannot bo distingui.shed from mere mincml grains. 
In this way a cycle of geological change is completed. The calcium- 
carbonate originally dissolved out of rocks by infiltrating water, and 
carried into the sea, is secreted from the oceanic waters by corals, 
forarainifera, echinodorma, mollusk.s and other invertebrates. The 
remains of these creatures collected on the sea-bottou) slowly aceiinuilate 
into l^eds of detritus, which in after times are upheav«‘d into land. 
Water once more percolating through the calcareous ma.ss, gradually 
imparts to it a crysUilline structure, and eventually all trace of organic 
forms may be effaced. But at the .satue time the rock, once <*xpo8od to 
meteoric influences, is attacked by carbonated water, its molecules are 
eirried in solution into the sea, where they will again be built up into 
the frame-work of marine organisms. 

Alteration of Rooks by Meteoric Water. — In connection with the dis- 
cussion of the minute structures di.scoverable in rocks, reference may he 
made here to the important revelations of the microscope a.s to the extent 
to which rocks suffer from the influence of infiltrating water. The nature 
of some of tliese changes will l)e more fully described in subsequent pages. 
(Book III. Part II. i^ct. ii. § 2.) Among the more obvirms proofs of 
alteration are the threads and kernels of calcite in s»ich eruptive rocks as 
diabase, dolerite or andesite. These furnish a good index of internal 
decomposition, usually arising from the decay of some limfe- bearing 
mineral in the rock. Some other minerals are likewise frequent sign.s 
of alteration, such as serpentine (often resulting from the alteration of 
olivine (Figs. 32, .33)), chlorite, epidote, limonite, chalcedony, &c. In 

* Sorby, Pre8idential Addrejw, J. <J. S, 1879 ; O. Ron*. Abitandi. Acnd. Bnlin, 
1868 ; Guinbel, Z, D. U. O. 1884, p. 386 ; CornUh and Kendall, ov,»/. Ma(f. 1888, p. 66 ; 
and the work of Dr. Oayeux already cited. 
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many cases, however, the decomposition products are so indefinite in 
form and so minute in quantity, as not to permit them to be satis- 
factorily referred to any known species of mineral. For these indeterminate, 
but frequently abundant subsUnces, the following short names were pro- 
|)Osed by Vogelsang to save |)eriphra6i8, until the true nature of the 
sukstiince is ascertained. riruitk — green traiisj)arent or translucent 
patches, often in scaly or fibrous aggregations, of common occurrence m 
more or less decomposed rocks containing hornblende, augite, or olivine 
probiibly in many cases serpentine, in others chlorite or dele-ssit^. Fmtlt 
— yellowish, reddish or brownish amorphous subsUinces, probably consist- 
ing of peroxide of iron, either hydrous or anhydrous, but not certainly 
referable to any mineral, though soinetimch pseiulomorphous after 
ferruginous minerals. Op(int>> — black, opaejue grains and scales of 

amorphous earthy matter, which may in diflVrent cases be magnetite, or 
some other metallic oxide, earthy silicates, graphite, itc ’ 

Sect. vl. Classification of Rocks. 

It is evident that the study of rocks may be approiiched from two very 
diHeient sides. We may, on the one haml, regard these substances chieHy 
:is so many masses of mineral matter, presenting greiit variety of cbenueal 
compo.sition and marvellous diversity of microscopic stiucture. Or, on 
th<! other hand, passing from the details of their chemical and mincra 
logical characters, we may look at them rather as the records of ancient 
terrestiial changes. In the former asjmt, they present for consideration 
problems of the highest interest in inorganic chemistry and mineralogy . 
in the latter view, they invite attention U) the great geological revolu 
tions through which the planet has passed. It is evident, therefore, 
that two distinct systems of clas-sification might be followed, the one 
based on chemiciil and mineralogical, the other on geological considera 
tions It is inipo.''sible, however, in any .system to ignore the fundamental 
twofold .series in which the rocks of the terrestrial crust naturally group 
themselves. As geological action proceeds from two distinct sources, one 
derived from the internal energy of the planet itself, the other aiising 
chiefly from the influence of the .sun on the external surface of the planet, 
so it IS obvious that the masses of mineral matter resulting from the 
operation of these two causes must be distinguished from each other in 
any scheme of clas-sificatimi, apart altogether from questions of structure 
or composition. In actual hict, however, it i.s found that the C/Ontrasted 
mode of origin is in each case accom{Niiiied by distinctions of structure 
and arrangement as well as mineralogical and chemical constitution. Hy 
general agreement, therefore, it is acknowleiiged that the first funda- 
mental step in the classification of rocks must be a primary separation of 
them into two great divisions — Ist, Those which have accumulated on 
or near the surface of the eartff through the operation of water, air or 
organic life. In this subdivision are included all accumulations of 
mechanical detritus, either organic or inorganic, under water or on land ; of 

' Vr^'elfiMig, Z. O. O. <•'. x\iv. i*. ZirkrI. It'eo/ Kxpl. ^itlh vol. vi. 



chemical precipitates from aqueous solution ; and of material aggregated 
by the growth of plants and animals. All these accumulations may be 
found associated with each other. They are mainly sediments, and are 
generally disposed in layers or strata piled one over another as they were 
laid down. This great .series of rocks, mainly arising from geological 
operations that depend u[K)n solar influences, are comprised under the term 
Sedimentary or Stratified. 2nd, Those which have arisen from the 
movements and uprise of the earth’s own internal molten magma. These 
may have cooled and solidified deep beneath the surface, or may have 
made their way up to daylight and have l>een poured forth in volcanic 
eruptions. This clearly defined assemblage of rocks is known as 
Eruptive, Igneous, Massive or Unstratified. • 

So far there is practically no room for difference of opinion, and ever 
since the rise of geology into the place of a science the broad distinction 
here stated has been recognised. But further examination of the 
terre.strial crust discloses the presence of a third series, the origin of 
which is by no means so evident. Some of the rocks of thi.s series 
pos.se88 characters that obviously connect them with igneous rocks, into 
which indeed they may be seen to graduate, while others as evidently 
pass into true sedimentary strata. They are distinguished, however, 
from the members of either of the two other series by the possession of 
characters which show that certaiidy in some, possibly in all, cases they 
have resulted from the alteration or metamorpJiim of older rocks, either 
igneous or aqueous. In their most typical forms they are marked by the 
peculiar crystalline structure termed sekistosity or foliation (p. 134), where 
their mineral constituents arc seen to have re-crystallised in lenticular 
laminsB or folia. Hence this third series of rocks has been separated 
from the others under the name of Metamorphic. 

This fundamental classification of the rocks of the earth’s crust into 
three great sections is based on geological considerations, and commends 
itself by its obvious agreement with the ascertained fact.s regarding the 
structure of that crust. When, however, we advance further and try to 
devise a natural and convenient scheme of arrangement for each of the 
three series, various sj'stems of arrangement suggest themselves, each 
having its advantages and drawbacks. From a merely chemical point of 
view, rocks might be grouped according to their composition : as Oxides, 
exemplified by formations of quartz, haematite, or magnetite ; Carbonates, 
including the limestones aild clay-ironstones ; Silicates, embracing the 
vast majority of rocks, whether composed of a single mineral, or of more 
than one ; Phosphates, such as guano and the older bone-beds and copro- 
litic deposits. Each of these groups might obviously be further sub- 
divided into sections, according to the predominant chemical conktitutent. 
A classification of this kind, however, v^puld pay little or no re^rd to 
the mode of origin or conditions of occun-ence of the rocks, and would 
not be well suited for the purposes of the geologist. 

Again, from the purely mineralogical side, rocks might l)e classified 
with reference to their prevailing mineral ingredient. Thus, such sub- 
divisions as Calcareous rocks, Quartzose rocks, Orthoclase rocks, Plagio- 
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clase rocks, Pyroxenic rocks, Homblendic rocks, Ac., might l>e adopted ; 
but such an arrangement, though on the whole less objectionable fmm the 
|)0int of view of the geologist, would be more suited for the arrangement 
of hand-specimens in a museum than for the investigation of rocks in jfgw. 

Though no classification which can at present la? proposed is wholly 
satisfactory, one which shall do least violence, at once to geological and to 
chemical and mineralogical relationships, is to bo preferred. Tliat w hicli 
is given in the following pages is in the nature of a compromise between 
the claims of the different sides of the subject, but the geological rcfinirc- 
ments have been allowed to preponderate. It i.s in the division of the 
Igneous rocks that opinions are most widely divergent regarding the*best 
principle of classification to be followed. In the introduction to that 
division some account will be given of other .schemes (d ui rangenii'iit than 
that adopted in the present text-book. 

It must be kept in vitnv that in the classification lieie selected, and 
in the detailed description of roi‘ks now to be given, many ijiiestions 
regarding the origin, structure and decomposition of tlie.se mineral masses 
inu.st necessarily be alluded to which cannot be fully dealt with in this 
part of the volume, but must be left for adecjunle tre.atnient by themselves 
in later pages. The student, however, will proiialily reiogm.se a di.stmct 
advantage in this unavoidable preliminary reference to them in connection 
with the rocks by which they are suggested. 

Sect vll — A Description of the more Important Rocks of the Earth's Crust. 

Full details regarding the eompo.Nition, microscopn' structure and 
other characters of rocks must be souglit in smdi general treatises as 
those already cited (p. 8S), and in the speiial memoirs ipioted on 
subseciuent jvages. The purposes of the present text book will bc' served 
by a succinct account of the more eoininoii or important rocks which 
enter into the comjK>sition of the crust of the eaith 

I. Skdimkntahy. 

A. Fi:a(..vumai, (Ci a^ik . 

'riiis great scries embraces all rocks of a mtoiuIui) or der native 
origin ; in other wonl.s, all that consist of materials which have 
previoiKsly existed on or beneath the .■surface of the earth in another 
form, and the accumulation ami consolidation of which gives rise to new 
compounds. Some of the.se materials have l»een pnaluciHi by the 
mechanical action of wind, as in the sand-hills of sea coasts ami inland 
deserts (^dian rocks) ; others by the ofieration of moving water, as the 
gravel, And and mud of shores and river l>eds (Aqueous serlimentary 
rocks) * otherd by the accumulayon of the entire or fragmentary reiriains 
of once living plants and animals (Organically-formed rocks) ; while yet 
another series has arisen from the gathering together of the Imise debris 
thrown out by volcanoes (Volcanic tuffs). It is evident that in dealing 
with these various detrital formations, the degree of consolidation is of 
secondaiy importance. The soft sand and mud of a nimlern lake-bottom 
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differ in no essential respect from indurated ancient lacustrine strata, and 
may tell their geological story equally well. No line is to be drawn between 
what is popularly termed “ rock ” and the loose, as yet uncompacted, 
debris out of which solid masses may eventually be formed. Hence, in 
a geological arrangement, the modern and the ancient, the loose and the 
compact, being one in structure and mode of formation, are all classed 
together under the common name of Kocks, 

It will be observed that, in several directions, we are led by the frag- 
mental rocks to crystalline stratified deposits, tin ' of which have been 
deposited from chemical solution, while others h ,ve resulted from the 
gradual conversion of a detrital into a crvstall ue tructure. Both .series 
of deposits are accumulated .simulbineously and are often interstratified. 
Calcareous rock.s formed of organic remains (p. 17(») exhilnt very clearly 
this gradual internal change, which more or less effaces their detrital 
origin, and gives them such a crystiilliuc character as to entitle them 
to be ranked among the crystalline limestones.’ 

I. Gravel and Sand Rocki (Psumtiiitfs). 

As tint lU'po.sits uitluded in tins Mtihthvi.sion ait; protliiciMl Ity the and 

ruinuval of rocks by tlic action of the atmosplicic, rain, nvc*i.s, frost, tlie sea und other 
8U[iorfieial iiKcneios, they aie mere meehaniciil .n-enniulatioriM, anil iiecessaiily vary 
indefinitely in eoni]>osition, aecordin^t to the natuie of the Honieen from wliieli they are 
derived. As a aile, they eonsist of the tietritiw of silieeoiis loiks, these heing amoiiK 
the most durable materials Quartz, in partieular, enteis lai^* ly into the composition 
of sandy and f^iavelly dotrituH. Fra^incntaiy niaten.ils tend to ^^roup theinselvcN 
according to their size and relative ilensity. Henee they are apt to occur in layers, and 
to show the characteristic ulrnfifirtl arrangement of miiine)iiari( rocks. Tliey may 
enclose the remains of any plants or animal.s entombed on the same ^ea door, nver-hed 
or lake-bottom. 

In the majority of these roek.s, theii general mineial coinjHisition is obvious to tbe 
naked eye. But the application of tlie microscope to their investigation ha-i thrown 
eonsiderable light upon their coin{)ositton, formation ami .subsequent mutations. Their 
component materials are thus aM'ertained to bo divi.sible into -1st, derived fragments, of 
which the most abundant are <|uartz, after which come felspar, mica, iron-ores, zircon, 
rutile, apatite, tourmaline, garnet, sphene, augito, hornhleiide, fragments of various 
rocks, and clastic dust ; 2ud, constituents which have been deposited l>etvieeu the 
particles, and which in many oases serve as the cementing material of the loek. Among 
the more important of these are silicic ackl in the form of ([uartz, chalcedony and ojial ; 
carbonates of lime, iron or magnesia ; hiematite, limonite ; pyrite and glauconite. 

Cliff XMbrli, Moiml&t Stuff, Scree Material— angular rubbish disengaged by frost 
and ordinary atmospheric waste from cliffs, crags and stee)) slopes. It .slides down the 
declivities of hilly regions, and accumulates at their base, until washed away by rain or 
by brooks. It forms Ulus-slopos, or what are known in England os screes, that may 

‘ The most valuable series of moilern chemical analyses of oediinentary rosks will be 
found in Mr. F. W. Clarke’s Report in the J68ih Bulletin qf the United States Ckologicai 
Survey (1900), from which frequent citations will betmade in tbe .succeeding pages. For the 
microscopic characters of these rocks the work of Cayeux, cited ante, p. 106, may lie consulted ; 
also the ‘Album de Microphotographies des Roche* sedi mental res,' by Maunce Hovelacqne, 
4to, Paris, 1900. 

* G. Klemm, Z. D. O. \txiv. (1882), p. 771. H. C. i^rby, Q. J, U. S. \xxvi. (18H0). 
J, A. Phillips, oy. rif. xx.vvn. (1.881), p. 6. 
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have an inclination of as much as 40“, though for short distances, if the blocks are large, 
the general angle of sloj)# may be steejn'r. It naturally depends for its composition 
upon the nature of the solid rocks from which it is derived. Whore clilT-dcbiis falls 
upon and is borne along by glaciers it is calKnl “ Moraiuo-stufT," which may be dcixisitcd 
near its source, or may be transiiorted for many miles on the siirfaoc of the ice tp ,'^>14). 

Perched Blocks, Erratic Blocks -large nurvst.s uf rock, often as ln^ as a lioii.sc, 
uhich have been transported by glacier-icc, and have been lodged iti a proiniiu iit jKisilion 
in glacier valleys or have been scattered over hills and plains. An exaniiiiatum of 
their mineralogieal charactei leads to the identitication of I heir source ami, cojiscipicntly, 
10 the {Mith taken by the tran.spoiting ice. (Sec Book III. Bait 11. Sci t li :>.) 

Rain-wash— a loam or earth whicli accumulates on the lower jtaits ot 'lo|>cs oi at 
their ba.se, and is due to llio gra<lual descent of the finci paiticlcs of di'.inte^.jriitt d uuks 
by the transporting action of rain Brick -e.iith i.s the name given in ilie south east 
of England to thick ma.sscs of such loam, vvhieii is extensively used lor nuikiiig biieks 

Soil — the product of the subaerial deeonip<»Mtioii of tucks and of ihe decay of plants 
.ami animals. Pnmanly the cliaraetcr of the soil is deUiniim d by that of the ''Ubsoil, 
o| which indeed it is merely a further ilisintcgration. Aetnirdiiig to the natuie of the 
lock undorneath, u .soil may vary fiom a still clay, thiough vaiious elnycy ami sandy 
loams, to more .sand. The formation of soil is tn'.ited of iii l'>ook ill. I’art 11. Sect. 
It. i? 1 . As an c.vaniidc of the detailed invesiigalion ol the ‘'Oils »d' a eoniitty, lefeieutMO 
may be made to tlie elaborate deHcnptiou (d tlio''** ot Russia jinjiaied by Piotesaor 
Sibirtzew.^ Ho di.stiiignislies the loo.so oi .Eadiaii .soiR, those <d tlie dry steppes or 
ste[)j)e-de.sert.s, the Tcheiiiozoms, the soils of the wooded st( jiite''. the glassy soils, and 
those of the Tundias. In each of these he enunier.il« s a .si iu s of genetic types, such 
as elay-soils, heavy and intcnncdiiitc sub aigillaeeous soil.s, light siib-.iigillaccous soila, 
sub-arcnaccous soils, ami clayey saiuB. 

Subsoil -the broken-up ^lart of the io( ks immediHicIv midei the soil. Its character, 
ot coui'sc, Is determined by that of the Hs k nut ot whieh it is loniied by subaenal dm- 
intcgiation. tlbnik III Tart II. SJeet ii, 1 ' 

Blown Sand -louse .sand usually arranged iii lutes ol dimes, flouting a sandy ln'ach 
or in the and iiiteiioi of a ecuitinent It is pibd up by tlm dnviug action of wind. 
(Book III. I’lUt. II Sect. I.) It vanes in < oinp<tsitlon, being sometimes eiitiiely 
siliceous, as ujMUi shores where silieeou.s locks ate evjK.setl ; sometimes calcari'ous, where 
derived troiu triturated shells, niillipons, or otbei < ah areoim oigamsms 1 he minute 
grains from long-i’ontiniied mutual fiu tion .i-suim; rcmaikablv louiided ami jMvlished 
forms. IjaycTs of liner and loaiser paiticbs olit n altcin.ite, as in watii fonm d sand- 
stone. On many coast-lim s in Kuro|M*, glasses and oihti plants tuml the surface of the 
shifting sand. These layers of vegetation are apt to be ( ovirnl by fiedi . ncroEehinenta 
of the loose material, iiml then by their ile^uiy to give risi* in daik |>eaty si'anis in the 
sand. Calcareous blow'ii sand is ctinipacted into liard .stone by the action ol rain-water, 
which alternately dissolves a little of the lime, and re dcjKisiis it ou cvajHuation as a 
thin crust cementing the grains of .sand together. In the Bahamas and Bernimlas, 
extensive masses of calcareous blown sand have luen cenieiite<l in Ibis way into solid 
stone, which weathers into pictnresfjue crags and (aves like a limestone of older geological 
date.’ At Newquay, (Cornwall, Blown sand has, by the decay of abundant land-shella, 
baen solidified into a material capable of lieing usesf as a building-Htone. 

^ Cot^pt. rend. C(mgria GM. I/Uernai., St. IVUirstuirg, pp. 7.4 12.^/ 

’ For interesting account* of the ^lian deposits of the liabaniaH uml Bermudas, see 
Nelson, J. G. S. ii. p. 200; Sir Wyville ITioniwus ‘Atlantic,’ vol. i. ; alwi J. J. 
Rem, iSkneJbenA. A'o/. GeaelUch. Ikricht. 18(59-70, p. HO, 1872-7d, j>. 131 On the Ited 
Sands of the Arafuan Desert, see J. A. Phillips, Q. J. G. .S. xxxviii. (1882). p. 110 ; alao 
op. eii. xxxvii. (1881), p. 12. Further reference Ut the literKturc of this subject will lie 
found in the account of the effects of wind-action, po$tea, Book 111. i^art II. Sect. i. fi 1. 
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BiTer-sand, Sea-sand.— When the rounded water-worn detritus is finer than that to 
which the term gravel would be applied, it is called sand, though there is obviously no 
line to be drawn between the two kinds of d(![>osit, which necessarily graduate into each 
other. The particles of sand lange down to such minute forms as can only be distinctly 
discerned with a microscojie. The smaller forms are generally less well rounded than 
those of greater dimensions, no doubt beiamse their diminutive si/e allows them to 
remain suspended in agitated water, and thus to e.s«'apc the mutual attrition to which 
the larger and heavier grains are exposed uikui the bottom. (Book III. Part II. p 496.) 
So far as oxperioneo has yet gone, there is no reliable methrsi by which inorganic sea- 
sand can Ik; distingui-shcil fiom that of livers or lakes.* As a iiile, sand consists laigely 
(often wholly) of qnart/ giains. The presence of fiagments of nianne shells will of course 
betray its salt-water origin ; hut in the trituration to which sand is exposed on a coast- 
line, the shelt-fraginents are in great inoasuro ground into culeaieons iiiinl and removed.^ 

Mr. Sorby lias shown that, by microscopic investigation, imicli infoimation may bo 
obtained regarding the history and source of sedimentary mateiials. lie lias studied 
the minute structure of modern sand, and finds that sand-grains present the following 
five distinct types, which, however, graduate into each other - 

1. Normal, angular, frcHh-fonnod sand, sindi us has been derived almost directly 
from the hi caking up of granitiu or schisto.sn rock.s. 

2. Well-worn saiul ip rounded giains, the original angle.s being coiniiletely lost, and 
the surfaces looking like fine ground glass. 

3. Sand mechanically broken into sharp angular chips, showing a glas.sy fracture. 

4. Sand having the grams chemically conoded, .so as to pioduce a peculiar texture 
of the surface, difleriiig from tlial of worn grams or crystals. 

6. 8an<l in which the grams have a perfVelly cry.stalline outline, in some cases un- 
doubtedly duo to the deposition of iiuartz iijion rounded or angular nuclei of ordinary 
iion crystalliiic saiul.® 

The same acute observer points out that, os in the familiar case of congluineiate 
pebbles, which have sometimes been used over again m conglomerates of very dilferent 
ages, so with the much more minute grains of sand, we must distmgiiish between the 
ago of the grams and thi' age of the deposit formed of them. An ancient sandstone 
may consist of grams that had liardly been woin before tliey w'ere finally brought to 
re.st, while the sand of a modem beach may have been ground down by the waves of 
many successive geological periods. 

■Sand taken by Mr. Sorby from the old gravel terrace.s of the River Tay was found 
to be almost wholly angular, indicating how little wear and tear there may be among 
particles of quartz i Jgth of an inch in diameter, oven though exposed to the drifting 
action of u rajiid river.* Sand from the boulder clay at Scarborough was likewise 
ascertained to l*e almost eiitiiely fresh and angular. On the other hand, in geological 
formations, which can be tiaced in a given direction for several hundred miles, a pro- 
gressively large proportion of rounded particles may be detected in the .sandy beds, 
as Mr. Soiby has found in following the Oreensand from Devonshire to Kent. In wind- 
blown sand expo.sed for a long })eriiHl to drift to and fro along the .suiface, the larger 
particles aiul lobbies acquire the remarkably smoothed and polished surface already 
(p. 161) referred to. 

* See, however, on the general question of the investigation of sand, a p^er by J. W. 
Ketgers, "i'Uier die lumeralogische und rhemische Zusamiuensetzung der Qtinensande 
Hollands, und ul>er die Wicktigkeit von Fluss- ..iid Meeres-sanduntersuchungeu iu Allge- 
meinen,” Netted Jahrb. 1895, i. pp.16-74. 

* Professor Henini?n has described the sandy and other deposits which are at present 
accumulating on the floor of the Irish Sea. Brit. AutK. 1886, pp. 601-621. 

* Address, Q. J. O. S, xxxvi. (1880), p, 68 ; and Microsoop. Joum. Aniiiv. Address, 1877. 

* See Book III. Part II. Sect. ii. § ui. 
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The occurrence of various other minerals besides (jusit/ in onlinary sand has long 
been recognised, but we owe to the observations of Mr. A. H. Dick the discovery that 
among these minerals some of the most jdenlifnl and mo.st jieifectly preserved helung 
to sjiecies that were not supposed to be so widely dilfused, .such as .arcon. nitilc imd 
tourmaline. He has found that these heavy inineials cmistituti- xoinetimes as nnnh as 
4 per cent of the Bagshot sand of the older Tertiary senes of the London Imsin ' 
Fehjiars, micas, hornblendes, pyro,\em‘s, magnetite, gliuicointe aiul otln r imiieials imi\ 
likewise be recognised. The remaikable peifectioii of some of (he ( tjstallogiaphie 
forms of the minuter iniueial constituents of certain sands has been W( 11 siiowu by 
Mr. Dick. 

Varieties of iiver- or sea-sand may be distingnuslu d by names refeiiing to some 
remaikable eunstituent, c.y. niagnctie sand, iioii saml. gidd-sainl, [innferous saiul, Ac 

Gravel, Shingle -names applied to the coaisei kiiulsot r<»uiided wain worn dctiitii.s. 
Ill Gravel, the average t.i/,e of the component pebbles i.niges lioiu th.it of a .small pea ii]' 
to about that of a wiilimt, though of course iimiiv imdiided fi.imm ills will Im- observed 
which exeeed these limits. In Shingle, the stones .ue (oais. r, langing up to [docks as 
big as a man’s head or larger. German geidogisls distinguish as “s< liottci ' a sliiiigle 
coutaiiiiilg dispersed boulders, and “.schottei < onglonieiate ” a ro<k abeiem tliese 

materials have become consolidated - .\!1 these names aie iipplud ijiute iiiis|Mrtn 

the eom})ositiou of the fiagments, which \ani-s gieatly iiom point to point is ;i iiilc, 
the stones Consist of hard rock.s since these me best litted to wilhst.nid the jHiweiful 
grinding action to which they aic exj-osed. 

Conglomerate (I’uddingstone)— a ro<k foiimd of consolidated gravel m shingle^ 
The comiwnent pebbles are rounded and watoi worn. They may i‘oiis),st ot any kind 
of rock, though usually of some liani and durable sort, such a.s ijuait/. oi ijnart/ite. 
A special name may be given to the rock, aeconling to the natuii of its jsdibles, jus iiiinrlz- 
conglomerate, lirnestone-conglomeratc, granite coiiglomeiate, Ae., oi according to that 
of the i)a.sto or eemeiiting matrix, which niav coimisl of a liardi ned sand or clay, and 
may be 8iliee()U.s, calcareous, argillaceous or feiiiignioii.s In (he comsei conglonuTHtcs, 
where the blocks may exceeil six feet in length, theic is ofP*n veiy little indie-stion of 
.stratification. Except where the flatter stones show by their gcneial parallelism the 
Hide lines of de|> 08 it, it may be only when the mass of. » ongloineiate is taken ai* a 
whole, in it.s relation to the rocks lielow and alKive it, tluit its <laim to Ui considerwl 
a bedded rock W'lll be conceded. The ocimieiicc of <><■( a.siomil bands of i fuigloinerate in 
a series of areuaeeous strata is analogous proi-ably to that of a shingie bank or gnivcl- 
heaeh on a modern coa.st-hne. Hut it is not <asy to nnd> island the eiiciimstani es 
under which some ancient conglonierab's accumulated, such .is th.it of tlie Old lied Sand 
stone of Central Scotland, which atlains a ihiekiiiss of man\ lhons.in<j feet, and consists 
of well-rounded and smoothed blocks often several bet in dniineter. 

Ill many old eonglomerate.s (and « ven in those of Miocene ag< in Switzerland^ the 
comjxment jtehldeu may be observed to have indented each oilier In such cases aliio 
they may be found elongated, distorted or split mid re-ceinentod ; sometimes the sanic 
pebVile has been crushed into a number of piec. s, wlmh are h« Id tngetber by a reUiiniiig 
cement. These phenomena jKunt to great pMssure, and some internal nlative niove- 
ment in the rocks. (Book III. l*art I Sect. iv. § :}.) Other indications of greoii dis- 
turbance ar(| mentioned in the following description of Breccia. 

Brncc^^—a lock composed of angular, instead of rmjnd<-d, fragments. It commonly 

* xxxvi. (1877), I> tM ; A/e/ii (JnJ. Sun “ Geology idl/mdon.” i (18HH), p. .b23. 
Tealk ‘British Petrography,’ I’late xhv, 

* See, for example, an account of the.sfholter-iongloineraUn of Northern fVrsia by E. 
Tietze, Jahrb. Geol. Heuhmnjil., Vienna, 1881, p 88. 

* See A. Uelland, “Studier over Kongloineratcr,” ArrJtn. Math^nn. yafurndrim., 
Obriatiania, 1880. 
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presents less trace of stratification than conglomerate. Intern)ediate stages between 
these two rocks, where the stones are partly angular and partly subangular and rounded, 
are known as brecciatfd cmglmnernte. Considered as a det' ital deposit formed by super- 
ficial waste, breccia points to the disintegration of rocks by the atmosphere, and the 
accumulation of theii fragments with little or no inteivention of running water. Thus 
it may be formed of chfr-d<5briB or scree-material which gradually slides down a slope 
below a crag or cliff, or which may be launched forwaid by a landslip and may accumu- 
late either subaerially, or under water where the cliff descends at once into a lake or 
into the deep sea. 

The term Breccia has, however, been applied to rocks formed in several other totally 
different ways. Angular blocks of all sizes and shaj'cs have been discharged from 
volcanic orifioc.s, and, falling back, have consolidated there into maascs of brecciated 
material (volcanic breccia). Intrusive igneous emptions have sometimes toi n off fragments 
of the rocks through which they have ascended, and these angular fragments have been 
enclosed lu the li(|uid or pa.sty mass. Or the intrusive rock has cooled and solidified 
externally wdiilo still mobile within, and in its ascent has e.aught up and involved some 
of these consolidated parts of its own substance. Again, w'here .solid masses of rock 
within the crust of the earth have ground against each other, as in dislocations and 
crushing movement.s, angular fragmentary nibbi.sh lias been produce<l, ulncli has sub- 
sequently been consolidated by some inHltrating cement (Fault-iock, t'lu.sli -breccia, 
Crush-conglomerate). It is evident, however, that breccia formed in one or other of 
these hypogene way.s will not, a.s a rule, be apt to be mistaken for the true breccias, 
arising from su^terficiai disintegration. 

SAndstone (Gres)' a rock composed of consolidated sand. As in ordinaiy modern 
sand, the integral grains of sandstone are chiefly quartz, which must here be regarded 
as the residue left after all the less durable mirieiuls of the original rocks have been 
carried away in solution or in sus|)onsion as tine mud. Tlie eolouis of sandstones arise, 
not so much from that of the quartz, wdiieb is eomiuonly white or grey, as tiom the 
film or crust which often coats the grains and holds them together a.s a cement. lion, 
the great colouring ingredient of rocks, gives rise to red, brown, yellow, and green hues, 
according to iU degree of oxidation and bydiatiun. 

Like conglomerates, sand^itones differ in the nature nt tiien coin|K)neiit gi jius, and 
in that of the cementing matrix. Though con.sisting fbi the most part of siliceous 
grains, they include others of clay, felsjiar, mica, ziicon, i utile, touimaline oi other 
minerals such us occur in sand (p. ltJ3), and these may increase in nuinbei so as to give 
a special character to the rock. Tims, sandstones may be iiigill.iceous, felspatbic, mica- 
ceous, calcareous, &c. By an increase in the argillaceous constituent, s, a sandstone may 
pass into one of the clay-rocks, just as modern sand on tliesea-tlooi .shades imperceptibly 
into mud. On the other hand, by an augmentation in the size and sbuipncss of the 
grains, a sandstone may become a grit, and by an iiieiease in the size and number of 
pebbles may ]ia.s8 into a pebbly or conglomeratic sandstone, and thence into a tine 
ooBgloroerate. A piece of fine-grained sandstone, seen under the microscope, looks like 
a coarse conglomerate, so that the difference between the two rocks is little more than 
one of relative size of particles. 

The cementing material of sandstones may be femiginovs., ns in nio-st oi dinary red 
and yellow aaudstones, where the anhydrous or hydrous iron -oxide is mixed with clay 
or other impurity— in rod sandstones the grain.s are held uigether by a«h8ematitic, in 
yellow sand-stoues by a limonitic cement ; argillauous, where the grains* are united 
by a base of clay, recognisable by the earthy^ smell when breathed upon ; calcareotts, 
where onrbonato of lime occurs either as an amorphous paste or as a crystalline cement 

‘ See J. A. Phillips on the constitution and history of grits and sandstones, Q. J. O. S. 
xxxvii. (1881), p. 6. For aiialy.Mes of some British sandstones used as baildmg-stones, see 
Wallace, Proc, Phil. Soc. Olftsijon', xiv. (1883), p. 22. 
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between the grains y siliceous, where the component jiarticlos ere Ixnmd together by 
silica, as in the exposed blocks of Eocene sandstone known as “ grey west hers" in 
Wiltshire, and which occur also over the north of Fiance towards the Aniennos.’ In 
some jihices, as already remarked (p. 107), barytes has Mijtj.lied the i)lac« of oenient to 
the grains of sandstone. 

The following analyses show tlie aveiage cheniioal conii>osition of sandstones and 
the great range in their silica percentage. Column A lepresents the results of a com- 
posite analysis ot sandstones from different part.s «if (lie I'mtisl States, and cohinin 
U of 371 s.andstonjes used for huihling purposes in diffeient parts nf tin* same country 
Columu C shows the extraordinarily high propot tion of .‘•ilica in tin* highly ipiartzose 
Potsdam sandstone, which forms one of the prominent foiniiition.s among the older 
Paheozoio rocks of Canada and adjoining parts ot the Stales Column 1) repieseiits the 
composition of a calcareous and argillaceous sandstone from the Miocene formations of 
Wall Point, Mount Diablo, California.’^ 
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Among the varieties of .sandstone the following may here W mentioned.- Flag 
stone — a thin-bedded sandstone, capable of being split along the lines of stratification 
into thill beds or flags , Micaceous sand.st me {inicu-ji.'Uioiiintf)- -a ro( k so full ol 
mica-fliikes that it splits readily into thin lamiii.i , each of which lias a Insttous .surface 
from the quantity of silvery mica. Thus loik is « idled “ fakes ” in Se.otland. Free- 
stone — a sandstone (the term being ajqdiecl sometimes also to lunestone) which can be 
cut into bloc'ks in any direction, witliout a maiked tindencv to .split in any one jihine 
more than in another. Though this rock occurs in beds, eacli bed is iiot divid««i into 
laniitue, ami it is the absencx* of tins minor straliticatmn which makes the stone so useful 
for architecrtiral purposes (Craigleith and other aandsiotieH at Edinburgh, some of which 

‘ See the original de.scription of these Frnu h t-Iocks by Profc'-sor Jiarrois. Avn. Siic. 
ynul. VI. (1.S7H-79), p. 366 

■ Bull, r S. (}. S. No. 169 (1900), pp. 17. ‘-ilfi, 'J49 The analyses m tolunins A 
and B were made by Iir. H. N. Stokes, that in nvliinin C by Mr. Scdineider. ami that in 
column I) by Mr. W. H. Melville. 

^ Includes organic matter. 
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contain 98 per cent of silica). Glauconitic sandstone (greensand)— a sandstone 
containing kernels and dnsty grains of glanconite, which imparts a general greenish hue 
to the rock. The glauconite has proliably been deposited in association with decaying 
organic matter, as where it fills echinus-spines, foraminifera, shells and corals on the 
floor of the present ocean.* Buhrstone— a highly siliceous, exceedingly compact, 
though cellular rock (with Charn seeds, kc.), found alternating with unaltered Tertiary 
strata in the Paris basin, and forming, from its hardness and roughness, an excellent 
material for the grindstones of flour-mills, may be mentioned here, though it probably 
has been forme<l by the precipitation of silica through the action of organisms. Gaize 
—a fine-grained, sandy, siliceous, porous, and often nither tender rock, found in the 
Cretaceous and Tertiary formations of France, distinguished by its containing silica 
soluble in alkalies.* Arkose (granitic sandstone)— ». rock composed of disintegrated 
granite, and found in geological formations of different ages, which have been derived 
from granitic rocks. Crystallised sandstone — an arenaceous rock in which a deposit 
of crystalline <|uartz has taken place upon the individual grains, each of which becomes 
the imclous of a more or less |)erfect quartz crystal. Mr. Sorby has observed such 
crystallised sand in deposits of various ages from the Oolites down to the Old Red 
Sandstone.* Tuffeau — a name employed in France and Btdgiurn for a fine-grained 
argillaceous, frequently calcareous sandstone, coloured green or grey by glauconite ; it is 
sometimes applied to a friable granular chalky limestone.'* (For Quartzite, see p. 249.) 

Sandstones are largely employed for building purposes on account of their durability 
and the facility with which they can be worked. Hence a large amount of information 
has been collected as to their composition, specific gravity, crushing strength, capacity 
for absorbing water, and other practical matters connected with their use. Information 
on those subjects will lie found in the v^orks of Mr. G. P. Merrill, mentioned ante, p. 7. 

Qreywaoke -a compact aggregate of rounded or subangular grains of quartz, felspar, 
slate, or other minerals or rocks, comonted by a jiaste which is usually siliceous, but 
may be argillaceous, fel8|>athic, calcareous, or antluacitic (Fig. 20), (frey, as its name 
denotes, i.s the prevailing colour: but it passes into brown, biowmsh-purple, and some- 
times, where anthracite predominates, into black. The rock is distinguished from 
ordinary samistone by its darker hue, its hardness, the variety of its conqument grains, 
and, above all, by the compact cement in which the grains are imbcddcii. In many 
varietie.s, so pervaded is the rook by the siliceou.s }>asto, that it possesses great toughness, 
and its grains seem to graduate into each other as well a.s into the surrounding matrix. 
Such rocks, when fine-graiiied, can hardly, at first sight or with the unaided eye, be 
distinguished from some compact igneous rocks, though microscopic examination 
reveals their fragmental character. In other o.ascs, where the greywacke has been 
formed mainly out of the debris of granite, quartz-porphyry, andesite, or other felspathic 
masses, the grains consist so largely of felsjmr, and the pa.stp also is so felspathic, that 
the rock might lie mistaken for some close-grained granular porphyry. Greywacke occurs 
extensively among the Paleozoic formations, in lieds alternating with shales and con- 
glomerates. It represents the muilily (sometimes volcanic) sand of Palieozoic sea-floors, 

* p, 106 ; Sollas, OeoL Mag. lii. 2ud ser. p. 539. L. Cayeux, ^itmh microg. Terr, 

stiiim. chap. iv. ^ 

* Cayeu.x, op. cit, chap. i. A specimen of the Gaize of Marlemout analysed at the l^ole 

des Mines gave the following compoaition ; silica soluble in pot-jsh, 20’6 ; insoluble silica, 
68*4; alumina, 1; ferric oxide, S’O ; lime, TS ; loss by calcinatiou, 6*6; total, 99*9. 
Cayeux, op. cd. p. 41. * 

* Q. J. O. S. xxxvi, p. 63. See Daubree, Ann. des Mines, 2nd ser. i. p. 206. 
A. A. Young. Amer, Jonrtx. Sci. 3nl ser. xxiii. 267 ; xxiv, 47 ; and especially the work 
of Irving and Van Iliac (quoted on p. 142), which gives some excellent figures of enlarged 
quartz-grains. S. 0.<ilvm. Amer. Oed. xiii. (1894), p. 226, also gives good figures. 

* L. Cayeux, J/uvtig. Terr. sMini. chap. iii. 
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retaining often its ripple-marks and sun-craoks. The metamorphiam it has nodergona 
has generally not been great, and for the most part is linnted to induration, partly by 
pressure and partly by permeation of a siliceous cement. But where felspathic ingre- 
dients prevail, the rock has offered facilities for alteration, and has been here and there 
changed into highly crystalline mica-schists full of garnets and other secondary minerals 
(contact-metamorphisra at the granite of South-western Scotland, poatea, p. 779). 

The following analysis gives the composition of a greywacke from Hurley, Wisconsin : 
silica, 76’84 ; alumina, ir76; ferric oxide, 0‘55 ; ferrous oxide, 2'8 ; magnesia, 
r39; lime, 0‘70 ; soda, 2‘57 ; potash, 162; water, r87; niaiiganeso, a trace — 
total, 100-18.» 

The more fissile finegrained varieties of this rock have been tenned Grey wacke-slate 
(p. 172). In these, as well as in greywacke, organic remains occur among the Silurian 
and Devonian formations. Sometimes, in the r..ower Silurian rocks of Scotland, these 
strata become black with carbonaceous matter, among which vast nuniliers of graptolitea 
may bo observed. Gradations into sandstone .arc termed Greywacke sandstone. In 
Norway the reddish felsjiathic greywacke or sandstone of the Primordial rocks is called 
Sparagiuite; similar material, graduating into arkose, forms much of the Torridou 
sandstone of Scotland. « 

Besides thesMj rocks, which are obviously of ola.stic origin, there may bo included here 
some others of a highly siliceous nature, but the sedimentary character and mode of 
formation of which are not so clear. Such are Jasper, and P'erruginous Quartz, 
which occur in bods iiiterstratitied among some older Paheozoic and pre-t’ambrian 
formations, as well os in veins together with vein-quariz With them may Iw grou|)ed 
Lytdiau-stoue {LydUe, Fhthamtc, Kifsdsrhv/rr), a black or dark -coloured, excessively 
compact, baixl, infusible rock with splinti'ry fracture, occurring in thin, sharply defiiieil 
bands, split by cross joints into polygonal fragments, which are sonietimes cemented by 
fine layers of quartz. It consists of an intimate mixture of silica with alumina, 
carbonaceous materials, and oxide of iron, and under the microscope shows minute 
quartz-granules with dark amoi plums matter. It ocdirs in thin layers or bands in 
the Silurian and later Palsozoic formations inlerstiatihed with ordinary sandy and 
argillaceou.s strata. As these ro<ks have not been materially allered, the bands of 
Lydian-stone may Iw of urigiiial formation, though the extent to wliK'h tlu>y am often 
veined with quartz, show-s that they have, m niaiiy eases, been pejineated by siliceoua 
water since their deposit. Some originally clastic siluoous rocks have acquired a more 
or less crystalline structure from the action of thcmml water oi otherwise One of the 
most marked varieties, Crystalluin! Sand fit on*', has been als»ve refened to. Another 
variety, known as QuartxiU, is a granular and t<iiiijtact aggiegiite ol quartz, which will 
be described m connection with the schisto.se rocks among winch it generally occurs 
(p, 249), The siliceous rocks due to the o|H}rations of plant and animal life are 
described on p. 179, also on pp. 609, 624. 

2. Clay Eockf (Pehtes). 

These are comi>osed of fine argillaceous sediment or mud, derived from the waste of 
rocka Perfectly pure clay or kaolin, hydrated hilicale of alumina, uiuv 1«‘ obt dried 
where gianites and otlier fclsjwr-lie.aring rocks de<omjK>se But, as a rule, the argil- 
laceous materials are mixed with various impurities.’ 

‘ Dtfccribed by Mr. W, S. Bsyley (who gives an a< count of its nut n.w.coj>ie cliaracter), 
and analysed by Dr. H. N. Stokes, Buff- U, .8. O. .S’. No, 160, pp. 84, 87. 

’ The literature connected with cla)8, es|iec.ially in their imlustnal apjiluiation, bM been - 
catalogued by Mr. J. C. Branner, "Bibliography of Clays and the Ceramic Arts," BuU. 
t/. 5. y. 5. No. 143 (1896), An iiiiportaiil investigation in the subject by Dr. H, Bias 
will be found in the “ Preliminary Report oil the Clays of Alabama," in BuU. iVw. 6‘, Oeol. 
SuTv. Alabama (1900) ; also Trans. Amer. Inst. Min. Knyin. February 1898. The 
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Clay, Mnd (Aigile, Boue ; Thon, SchJaniin),— The decomposition of felspars and 
allied minerals gives rise to the formation of hydrous aluminous jsilicates, which, 
occurring usually in a state of fine subtlivision, are capable of being held in suspension 
in water, and of Ijeing transported to great distances. These substances, differing much 
in composition, are embraced under the general term Clay, which may be defined as a 
white, grey, brown, red, or bluish substance, which when dry is soft and friable, 
adheres to the tongue, and shaken in water makes it mechanically turbid ; when moist 
is plastic, when mixed with much water becomes mud.‘ It is evident that a wide range 
is possible for varieties of argillaceous sediment. The following are the more important. 

Kaolin (FVircelain-clay, China-clay) has been already noticed (}). 104). 

Pipe Clay— white, nearly pure, and free from iion. 

rire-Clay—largely found in connection with coal-seams, contains little iron, and is 
nearly free from lime and alkalies. It has been derived from the waste of such locks as 
granite.^ Some of the most typical fire-clays are those long used at Stourbridge, 
Worcestershire, for the manufacture of pottery. The best glass-house pot-clay, that is, 
the most refractory, and therefore u.sed for the construction of pots which have to stand 
the intense heat of a glass house, has the following composition : silica, 73-82 ; alumina, 
16-88 ; protoxide of iron, 2-95 ; lime, trace ; magnesia, trace ; alkalies, -90 ; sulphuric 
acid, trace ; chlorine, trace ; water, <5 ‘45 ; specific gravity, 2-51. 

Oannister— a very siliceous close-grained variety, found in the Lower rnal-measun s 
of the north of England, Rn<l now largely ground down as a material for the hearth.s of 
iron furnaces. 

Brick -clay -properly rather an industrial than a geological term, since it is applied 
to any clay, loam, or earth from which bricks or coarse pottciy are made. It i.s an 
impure clay, containing a good deal of iron, with other ingredients. An anal) sis gave 
the following composition of a brick-clay: silica, 49-44; alumina, 3426; sesquioxide 
of iron, 7 -74 ; lime, 1 '48 ; magnesia, 5-14 ; water, 1-94. 

Abysmal Clay— on the ocean-lloor at great depths certain re-1 clays have a wide 
distribution. They are described at p. 583. 

Faller's Earth (Torre k foulou, Walkerde)~-a grceniiih or brownish, earthy, soft, 
somewhat unctuous substance, with a shining streak, which does not become plastic 
with water, but crumbles down into mud. It is a bydrou.s aluminous silicate with .some 
magnesia, iron oxide and .soda. The yellow fuller’s-earth of Reigiite contains silica 53, 
alumina 10, oxide of iron 9-75, magnesia 1-25, lime 0 50, chloride of sodium (>10, 
water 24 ; total, 98 -60.® In England fuller’s-earth occurs in beds among the Jurassic 
and Cretaceous formations. In Saxony it is found as a re.sult of the decomposition of 
diabase and gabbro. 

Wacka— a dirty -green to brow-nish- black, earthy or compact, but tender and 
apparently homogeneous clay, which arises as the ultimate stage of the decomposition 
of basalt-rocks in siin. 

Loam— -an earthy mixture of clay and sand with more or less organic matter. The 

minute structures of mcKlern clays ami old allied rocks are well discussed b\ Mr. Hutchings 
in a series of papers in the Mu;/. 1894. p. 36, ami 1896, pp. 309, 343. He 

shows how fine seduueutary material may W Wst .studied, wliether loose or in .solid rock. 
Profes.Hor Sollas has tiescrilied the mud of the Seveni ami iLs tiibutanes, J. (J. S. xxxix. 
(1883). pp. 611-625. ^ 

* A scries of chpmical analyses of clays and soils will be found in Bull. U. *S. (>'. S. 

No, 168 (1900). 16 tbe.se the proportion of aliiniina ranges from than 1 up to more than 

89 j>er cent, whence it will l»o seen what a wide range composition is embraced in the 
mechanical sediments which are all loosely described as clajs. 

* For an account of a microscopic study of the comjiosition and stnioture of fire-clay see 
Mr. Hutchings’ papers, above cited. 

* Klaproth, JSeitrOfj/e^ iv. p, 834, 
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black soils of Russia, India, &c. (Tcheruozom, Regur), are dark dcjwsits of loam rich 
in organic matter, and sometimes upwards of twenty feet d»vp. (&'« HtK)k 111. Part. II. 
pp. 605, 606.) 

Loeia— a imle, somewlmt calcareous clay, prolwbly in large ineRsiue of wiml-iinft 
origin, found in some river-valleys (Rhine, DhiiuIh-, M>s.si),«,ippi, i.c.), .uul ovci wide 
regions in China and elsewhere. It is descriU'd at p. 439. 

Bauxita— a hydrated alumina recognised first at Baux near Arles, in the south of Fniiu e. 
It IS seldom pure, but occm-s mingled with clay, iron and othei impuniich in i.inable 
proportions m layers and beds, sonietiiiics of eonsideiablo extent. It contains fioni 15 
to nearly 80 per cent of alumina, and about 15 per i-eiit <»f water, with some feme oxide, 
titanic acid and silica. It.s mode of oiigin has lieen the subject of miicli di.sciis.smn. 
Some observers have supposed it to have, been formed by hydrotheuind action, and its 
orcasional pisolitie structure, as in Aikansas, has been eited in suppoit of this \iew. 
The general tendency of opinion, however, is to regard the aubstaiice as mainly tliie to 
the subaerial action of acidulous watem on locks coiitnmiiig ahimiuous silicates, such 
as granite, syenite, basalt or andc.'»ite. It i.s ptobaldy (dosely related to Laterite. like 
which it varies much in composition and in the pro|KUtion ot iron U coiitiiins. Some- 
times it passes laterally or vertically into eartliy hicmatite, the oxides of iron and 
alunnnuim being liberated by the same piocess of decomposition among rocks contuinnig 
these metals in the foini of silicates. Bauxite occuis m the Itepai tun nts of the 
Arn'ge and Herault in France, the Vogelsberg, the noith of Ireland, and other paits 
of Kuroj»e, and in Arkansas, New Mexico, Alabama, and other districts of the I’nitctl 
States, It is a valuable source for the niannfuclure of aluminium ami alum, and laung 
remarkably refractoiy has lieeii emjdoved for lining furnaces.* 

Laterite— a Cellular, reddish, ferruginous elay, found in some tropical (ountnes as 
the result of the subaenal deeoniposition of ceitain kinds of lock, as grunitis, gneiss, 
diorita and basalt ; it acquires great lianliiess after being quniiied out and dried. The 
peculiar kind of alteration exemjdificd l»y this lock ami by Bauxite has been termed 
“ Latensation.” ■* 

Till, Boulder-clay — a stiff sandy and stony clav’, vai ving in cedour and comistsition, 
according to the charaiter of the rocks of the distiict in which it lies. It consistR 
of “ rock -flour,’’ in otbei words, the material of man) different kinds of n>eks ground 
up by land-ice into the finest state of comminution ■* It is usually full of woiii stones 
of all sizes, up to blocks weighing several tons, anti often well smootlied and sttialcd. 

It 18 a glacial deposit, and will be ileacribeil among the foiniatituis of the (Jlricial Period. 

Mudstone -a fine, usually moie or less sandv, argillaceous nak, having no fissih- 
character, and of somewhat greater baninesH than any form of clay. The term 
Clay lock has been applied by some writeis to an intlurated clay that rctjmies to be 
ground and mixed W’ltli water before it ac<|Uiies plasticity. 

Sbule (Schiste, Scliiefertlion)— .1 gt-neial teim to describe dsv that lias assumed a 
thinly stiatified or fissile striiclutc. I'tidcr this term aie uiclutletl l,iminatetl and hoiiic- 
what hardened argillat'eoiis rocks, which .»ie (U}>atilc of fteing sfdit along the lines of 

* A soinewliat volnniinoiis l>i1>bography ba-s .iri-tcn oii llic siiitjcct of l>ioi\iU'. The 

following p.ipers may W citeil : — Daiibnc, Ji. S. f.’ F xwi (1869;, p. 915 ; ('o(|uaiii1, op. ci(. 
xxvni. (1870), p. 98 . Dieiilafait, i'vmpt xciii. (1N81 ), p 804 , A. von l.iclirif li, Znftrh, 

A'rgAf. J/ia.ficxiii. p. ‘296 ; nfr.OfH-rhesx.ae* Saf « Heilknutf.xxwh pji.57-98 J. Branner, 
Journ. (hoi. V. (1897,’, pp. ‘26y-289j. (this pa|s-r contnuis a goo*! biMiograj-liy) ; T. W, 
Hayes, Jflth Ann. Jtrp. C, F. rv. (^9.5.. |tart in jip. 547-597 , Ann Itrp. part 
iii. pp. 435-472 ; h Wat.soii, Anu’r. droi. xxvin. 1901), p. 25. 

’■* Bee M. Bauer, “Beitrage znr Geologic dtr Scychcll»*n, insbehondere zur Keniitniss des 
Laterites,” yata JaJirh. 1898, d. p. 163. 

* Mr. Crosby, /Vts-. /iostnn yut. Hist. Sor. xxv. (1890), p)». 115-172, Lm sbown tins 
clearly for the till around Boston, Mass. 
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deposit into tliin leaves. It has been ascertained in many cases that the clay-subetance 
in shales and slates is not mere impure kaolin, but has undergone alteration into a 
micaceous materia), in which fine grains, probably detrital, are imbedded. When the 
sediment undergoes compression into slate the greenish-yellow mica becomes recognisably 
muscovite together with chloritic material. By further dynamical metamorphism the 
sediment pas-ses into phyliite and mica-schist (p. 247). Shales present almost endless 
varieties of texture and com[>osition, passing, on the one hand, into clays, or, where 
much indurated, into slatesiand argillaceous schists ; on the other, into flagstones and 
sandstones ; or again, through calcareous gradations into limestone, or through 
ferruginous varieties into clay-ironstone, and through bitnminous kinds into coal. The 
average compoaition of a large scries of Paleeozoic, Secotulary, and Tertiary shales, 
analysed by the United States Geological Survey, is shown in the subjoined table. ^ 







A 

B 1 

C 

SiOa 

56-43 

60-15 

68-38 

TiO, 

0-46 

0-76 

0-65 

Al./»., 

13-84 

16-45 

15-47 

Fe,03 

4-00 

4-04 

4-03 

FuO 

1-74 

2-90 

2-46 

MnO 

trace 

trace 

trace 

CaO 

6-96 

1-41 

3-12 

BaO . . 

0-06 

0-04 

0-05 

Mg . ... 

2-67 

2-32 

2 45 

K.,0 .... 

2-67 

3-60 

! 3-25 

Na.,0 . 

1 80 

1-01 

i 1-31 

Li./) 

trace 

trace 

j trace 

H/JatllO’. 

2-11 

0-89 

! 1 -34 

HnO above 110’ . 

3-45 

3-82 

; 3-68 

PA . • • • 

0-20 

0-15 

1 0-17 

COj 

4-62 

1-46 

' 2-64 

so* 

0-78 

0-58 

, 0-65 

Carbon ot orgnuic origin 

0-69 

0-88 

0 81 


100-48 

100-46 

100-46 

1 
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Clay-Slate (Sohlste ardoise, Thonschiefer).-- Under this name ore included certain 
hard fissile argillaceous masses, composed primarily of compact clay, sometimes with 
megascojuc and mioroacopic scales of one or more micaceous minerals, granules of quartz 
and cubes or cOncrotious of pyrites, as well as veins of quartz and calcite. The fissile 
structuix' is specially characteristic. In some cases this structure coincides with that of 
original deposit, as is proved by the alternation of fissile beds with bands of hardened 
sandstone, conglomerate or fosaiUreruna limestone. But for the most part, as the rocks 
have been much compressed, the fissile structure of the argillaceous bands is independent 
of stratification, and can be seen ti-averaing it. Sorby has shown that this superinduced 
fissility or “cleavage” has resulted from an internal rearraugeuient of the particles in 
planes |H)r{M!iulicular to the direction in which the rocks have been compressed (see 
jmUin, pp. 417 and 684). In England the term “slate" or “ clay-slate "Ja given to 

* Analyses by Dr. H. N. Stoke-s, BuU. U, S.O.S, No. 168 (1900), p. 17. Column A 
gives the composite analysis of 27 Mesozoic and Cefiozoic shales. Each individual shale was 
taken lu amount roughly proportional to the moss of the formation which it represented. 
Column B gives the composite analysis 61 Pelieozoic shales, weighted as in the former 
case. Column C shows the general average of A and B, giving them, re.spectively, weights as 
3 to 5. This average represents 78 rocks. It should he added that the material was selected 
and the samples prepare<l by Mr. G. K. Gilbert, a.sawted by Mr. Q. W. Stoee. 
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trgilbiceouA, not obrioualy crystalline rocks possessing this cleavage-structure. Where 
the micaceous lustre of the finely disseminated superinduced mica is pi'oiuincnt, the 
rooks become phyllites. 

Microscopic examination shows that many cleaved oUy-slatcs contain a large 
proportion of a micaceous mineral in extremely ininuto flakes, whu h in the licst Welsh 
slates have an average size of ^^jVoth of an inch in breadth, and «<.'osth of an inch in thick- 
ness, together with very fine black hairs which may be magnetite.* Moreover, main 
clay-slatos, though to outward appearance thoroughly iion-crjsUilline, and evidently of 
fragmental composition and sedimentary origin, yet contain, soinet lines in leniarkable 
abundance, microscopic microlites and crystals of dilferent miiierals placed with their 
long axes parallel with the planes of fiasihty. Tlie.^e imiinte bodies include yellowish- 
brown needles of rutile, greenish or yellowish (lakes of imea, scales of calcitc, and 
probably other minerals. Small granules ol (piartz coiitaiiiing tlnid-cavities, show on 
their surfaces a distinct blending with the substance of the .snrioniiding i ‘>ek. M. KoiiHitl 
has found that the Belgian whet-slate is full of minute cry.stals of gurnet.* Some of the 
more crystalline varieties (phyllite) are almost wholly composed of immite crystalline 
particles of mica, quart/, felspar, chlorite and rutile, and toini an intermediati: stage 
between ordinary clay-slate and mica schist. 

A distinction has been drawn by some jwtrogruphers Ix'tween certain rocks (pliyllite, 
p, 247, Urthonschiefer) winch (X*eur in Archa'aii legions oi in groups piol)ahly of Ingli 
antiquity, and others (ardoi.se, Thonseliiefer) which are found in I’aheo/oir and later forma 
tions. Blit there does not apj»ear to i>e adecpiatc jiistilh-ation foi this giouping, which has 
probably Wen sngge.sted rather by theoretical exigcneies than hy any e.sscntial diiferein'es 
between the rocks tlienisidves. That the whole of the senes ol argillaeeoiis rocks, begin 
ning with clay and passing through shale into slate and jdiyllite, is of sedinieiitnry 
origin 18 indicateil by the organic remains, false IsMlding, npple nisrk, ka., found in 
those at one end of the .senes, and by the insensible giadation of tlie rnineriilogieBl 
cbarHcter.s thiougli increasing stages of meUmorphism to the other end. Some luieio- 
scopic crystals may ]>us8ibly liave l>een original!) foimcd among tiie muddy sediment on 
the 8ca-(loor (see p. 585). Others may lone formed pail of the original mechanieal 
detritus that went to make the slate. But, for the most jiai t, they have Wen snhsoqnenlly 
developed within the rock, and lepresent early stages of the pioce.sh which has culminated 
til the production of crystalline schists. The development of ei)sla!s ol eluastolite am 
other minerals in clay-slate is frequently to W- oWeivnl lonrid bosses of granite, as 
one of the jdiasej, of contact iiietamorphiHin (.see jip 772 7^5). , • r \ 

A number of varieties of Clay-slate aiv recogni.sed Koofing slate (Dai'hsehiofer) 
includes the finest, most cornfia* t, homogeneous and durable kinds, suitable lor looting 
houses or the manufacture of tables, chimney-pier es, w iiting slatt;s, Ae. A n t li ra< 1 1 ic- 
slate (anthracite-phylllte, alum-slate), dark eai Ismaceous slate with much iron disul- 
phide. Bands of this nature sometimes run through a clay-slate region 'Dm eaihon- 
aceous material ari.scs from the alteration of the remains of plants (fmoids) oi animals 
(frequently graptulites). The niareasite so abundantly asso. uite.l willi these oigaiiisms 
decomposes on exposure, and the sulphimc aeid pixKl^cnl^uiiilmg *^**»**»». 

* Sorby, Q, J. d. S. xxvi. p. 88. , , , „ 

** These “clay-slate needles " may, m some eases. Imve Wen dciK.sited with the rest of the 
sediment aapart of the debris of pre existing crystullim- Msks |ve p. 1G:<) ; hut m general 
they apiifar to have Wen develoix.! where they now .aeur In suWecpient actions (sm 
pJua, pp. 419, 773). For their ebaraater see Z.rkel, ‘ Mik. haff.' p. 490 ; Kalkow.ky, 
A^. JaArb. 1879, p. 382; A. Cathrein, op. nl. i. (1882), p. 109; A. Penck, Silzh. Iktyer. 
Ahad. Math. Phy». 1880, p. 461 ; A. Wichnianu. V- J- P- 

Mr. Hutchings cited on p. 168 ; Mr. A. R. Hunt, dtxA. Mag. 1896, pp. 31, 79. 

« Acad. Roy. BfJgique, xli. (1877). See also his paf>en on the comixwition and structure 
of the phyllades of the Ardennea, Bull. Mvs. Roy. Bflg. i. (1882) ; lii. (1884), p. 231, 
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potash, and other bases of the surrounding rocks, gives rise to an etttorescence of alum, 
or the decomposition produces sulphurous springs, like those of Moffat. As above stated, 
the naiiU! Grey wacke-slato has been applied to extremely fine-grained, hard, shaly, 
more or less micaceous and sandy bands, associated with greywacke among the older 
Palftio/oic rocks. Whet-slate, Novueulite, Hone-stone (Coticule, Wetzschiefer) * 
is an exceedingly hard fine-grained siliceous rock, some varieties of which derive 
their economic value from the presence of microscopic crystals of garnet. The various 
forms of altered clay-slate are descnlied at p. 247 among the metamorphie rocks. 

Porcellanlte (Argillite)— a name applied to the exceedingly indurated, sometimes 
partially fused condition which shales are apt to assume in cjantact with dykea and 
intrusive sheets or bos.ses. For an account of this form of contact-metamorphism see 
p. 76H. It is hardly posstide to discriminato bctw'een such highly baked shales and 
some of the finer siliceous sediments which have been called Lydian-stone (p. 167). 

3. Volcanic Fragmental Rocks— Tuffa 

This section corapiiscs all deposits which have resulttsl from the comminution of 
volcanic rocks. They thus include (1 ) those which coiisUt of the fragmentary materials 
ejected from volcanic foci, or the true a.she.s and tuffs ; and (2) some rocks derived from 
the .superficial disintegration of already erupted and consolidated volcanic masses 
Obviously the second series ought jiroperly to be classed with the sandy or clayey rocks 
above described, since they have been foiiiied in the same way. In practice, however, 
these dotiital reconstriu'ted rocks cannot always he certainly distinguished from those 
which have been formed by the consolidation of true volcanic dust and sand. Their 
chemical and lithological characters, both megascopic and microscopic, are occa-sionally 
so similar, that their ics|»ectivo modc.s of origin have to be decided by other considera- 
tions, such as the occurrence of lapilli. bombs or slags in the truly volcanic series, and of 
well water-worn pebbles of volcanic rocks in the other. Attention to these features, 
however, usually enables tlic geologist to make the distinction, and to |)erceivc tliat the 
number of instances whore be may be in doubt is Ics-s than might be supposed. Only a 
comparatively small number of the rooks classeil here are not tnie volcanic ejections ^ 

Referring to the account of volcanic action in Book III. Part I. Sect, i., wc may here 
merely define the use of the names by which the different kinds of ejected volcanic 
materials are known. 

Voloanio Blocka— angular, sub-angular, round,, or iiicgulaily .shajM'd ina-sses of 
lava, varying in size up to seveial feet or yards in diameter, sometimes of uniform 
texture throughout, us if they were large fragments dislodged by explosion fiom a 
previously consolidated rock, sometimc.s compact in the interior and cellular or slaggy 
outside. 

Bombi— round, elliptical, or discoidal pieces of lava from a few inches up to one 
or more feet in dianipter. They aie frequently cellular interniilly, while the outer parts 
are fuio-grained. Occasionally they consist of a mere shell of lava with a hollow 
interior like a bomb shell, or of a ca.sing of lava enclosing a fragment of rock. Their 
mode of origin is explained in Book III. Part I. Sect i. § 1. 

LapllU (lapilli)— ejected fragments of lava, round, angular, or indefinite in shape, 
varying in size from a pea to a walnut. Their nnneralogical composition dejiends upon 

^ This rock has given rise to much discuNsioii and a variety cf theories tin its origin. 
It has been claimeil as laving been a mechanical silt, an organic mud, a chemical precipitate, 
au igneous ilcposit, a replui-emeiit of original clay, a replacement of limestone, a replacement 
of dolomite. The hibliogiaphy of the subject is briefly given by Mr. J. C. Branner, Joiim. 
(fCo/. vi. (1898), p. 868. See the papers of Professor Repaixl above cited ; also F. Rutley, 
V. J. (I A’. 1. (1894), p. 877. 

For a elassiflcatiou of tuffs and tuffaceous deposits see E, Reyer, Jahrh. K. K. Offtl, 
ReichMtnst. xxxi. (1881), p. 67. 
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that of the lava from which they have been thrown up. Usually they are iwrous or 
finely vesicular in texture. 

Volcanic Sand, Volcanic Aah — the finer <letritu.s erupted frinn voleauio oiifieeH, 
consisting partly of rounded and angular fragnieut.'’, up to about the sire of a [tea, 
derived from the explosion of lava within eruptive vents, paitly of vast ipianlitica 
of microlites and crystals of some of the minerals of th^ ia\u. The finest dii!>t is in a 
state of extremely minute subdivision. When examined uiuk-i the inicrosoojK*, it in 
sometimes found to consist not only of minute ciystals and inierohtes, hnt of voleanic 
glass, which may be observed adhering to the mierohtes or crystals round which it 
flowed when still part of the fluid lava The presence of minutely celliihu fiagnn nts is 
characteristic of most volcanic fragmental rocks, and this structure 111113 coiumonly lie 
observed in the microscopic fragments and filaments of glass A cliaractei istic fealiiro 
of these niiniite fragments is the frequent occurrence among them ol seiiii-ciivnlar or 
elliptical (“hour glass") shaja's, which evidently lepiosciit the sides ol ^esl(lc^ or janes 
that eiiclo.sed vajxnir or gas in the molten rock, and were disnijited and blown out 
during volcanic explosions. 

When these various materials are allowed to aicnnmlatc, they become consolidak'd 
and receive distinctive names. In cases wheit* they tall into the si'a or into lakes, they 
are liable at the outer niaigin of their aiea to be iimiglcd w’lth, and iiiseiiMblj to pass 
into ordinary iioii-volcamc sediment. Hence we may e\|>cct to liiid trui)''iiioiial v.uieties 
between rocks formed directly fiom the results of \olcHnic explosion and those winch 
arise as ordinary sedimentary dcjHisits 

Volcanic Conglomerato — a iwk comjniscd mainly 01 entndy of rounded or sub- 
angular fragments, chiefly or wholly of volcanic loiks, in a jiaste of the same matenabs, 
usually exhibiting a stratified arrangement, and often found inienalated lu-tween 
successive Hhccts of lava. Conglomerates of thus kind mav have been lormed by tin* 
accumulation of rounded niatenats ejected from \olcanic vents , or as tlie n suit of the 
aijueoiis erosion of jtreviously solidified lava.«, or by a ••oinbinalioii of liolli these juocessei. 
Well-roundoil and smoothed stones alino.st ceitainly imlieate long eoiitiiiued watei action, 
rather than ti itui ation in a volcanic vent In tlie \Se.slein Territories ol tli(‘ I'niled 
States vast tracts of country arc covered with masses o! such coiiglonu'nitc, sonic- 
tunes 2000 feet thick. Captain Dutton has shown that siiiiilai ib posits aic in course 
of formation there now, meiely by the influence of disintegralion uikui exjtoBcd 
lavas.^ 

Volcanic conglomerates receive different naim s accoiding to the nature of the com- 
ponent fragments , thus we have IxuaU-conylonifrtftr^ where these fiagmenls are 
wholly or maiuly of baaalt, trachyte -conglovirrait’s, andesUf ■ cdngluinfralct, yhovoht-r- 
cmglomeraUs, Ac. 

Volcanic Breccia resembles Volcanic Conglomerate, cxccjU tbat the Htones are 
angular, and the rock uaoally shows no trace of stratification. 1 his angularity indicates 
au absence of aqueous erosion, and, under the circumstances in which it is found, 
usually points to immediately adjacent volcanic exjdoeions. There i-s a great variety 
of breccias, as hatait bnccia, diabaK-hrccmi, Ai Some of the most marvellous acciimu 
latioDS of this kind of materal occur in the western }>arts ol the I nited States, where 
they have been studied both stratigraphically and {jctrograpbn ally by the officers of 
the United States Geological Survey.* 

VolcaAio Afflomer&te— a tumultuous ssscmblage of blocks of all nm-n uji to masses 

* ‘ High Plateaux of Utah,’ p. 77. * 

* See Mr. Arnold Hague’s eicellcut account of these rocks in the Absaroka Folio of the 
Survey, and in part I of Monograph xxxii. ; the ja-trography will found, by Mr. hidings 
and others, m part li. of the same Mmograph. Compare also the dtscnjilion by Mr. W. 
H. Weed of the great Cretaceous volcanic conglomerate-s agglomerates, and breccias in the 
Livingston Formation of Montana, BuU. U. A A No. 106 (18»3;. 
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several yards in diameter, met with in the ** necks ” or pipes of old rolcanio orifices. 
The stones and paste are commonly of one or more volcanio rocks, each as rhyolite, 
andesite or basalt, but they include also fragments of the surrounding rocks, what- 
ever these may be, through which the volcanic orifice has been drilled. As a nile, 
agglomerate is devoid of stratification ; but sometimes it includes portions which have a 
more or less distinct nriiingcinent into licds of coarser and finer detritus, often placed on 
eml, or inclined in dillurent directions at high angles, as de.scribed in Book IV. Part 
VII. Sect. i. S 4. 


Volcanio Tuff. -This general term may be made to include all the finer kinds of 
vob aiiic detrilus, ranging, on the one hand, thiough coarse gravelly dejiosits into con- 
glomerates, and on the other, into exceedingly compact fine-grained rocks, formed of 



the must impalpable kind of volcanic dust. 
Some modern tuffs arc full of microlites, derived 
from the lava which was blown into dust. 
Others are formed of small rounded or angular 
grains of different lavas, with fragments of 
various rocks through which the volcanic funnels 
have been dulled. The tuffs of earlier geological 
|K'U<Mla have often been so much altered, that it 
is dillicult to state what may have been their 
original condition.^ 'J’he absence of microlites 
and gla.ss iii them is no proof that they are not 
true tuffs ; for the presence of these bodies de- 
|>euds upon the nature of the lavas. If the 
latter were not vitreous and niicrolitic, neither 
would be the tuffs derived from them. In the 


Fig. 22.— Micrtmcopic Htrucfuie «jf Carl)on- 
iftirouH FalagoiiituTutT froia Burntislaiul, 
Fife. 


Carboniferous volcanic area of Central Scotland, 
the tuffs are made up of diJbris and blocks of the 


basaltic lavas, and, like these, are not niicrolitic, 


though in some places they abound in fragments of the basic glass called palagonite. 
(Fig. 2‘2, and p. 175.) 

Tuffs have consolidated sometimes under water, sometimes on dry land. As a rule, 


they are distinctly stratified. Near the original vents of eruption they commonly 
present rapid alternations of finer and coarser detritus, indicative of aucoessive phases 
of volcanic activity. They necessarily shade off into the sedimentary formations with 
which they were conteinjwraneous. Thus, we have tuffs passing gradually into shale, 
limestone, samlstoiie, kc. The intermediate varieties have been called ashy shale, 
txiffac,c(ni)i shale, or shale y tuff, kc. From the circumstances of their formation, tuffs 
frequently preserve the remains of jdauts and animals, both terrestrial aud ariuatic. 
Those of Monte Soinma contain fragments of land-plants and shells. Some of those of 
Carboniferous age in Central Scotland have yielded crinoids, brachiopods, and other 
marine organisms. Like the other fragmentary volcanic rocks, the tuffs may be sub- 
divided according to the nature of the lava from the disintegration of which they have 
been formed. Thus wo liavo rhyolite-tiffs, trxuhyte-Uffs, andesite-tiffs, basalt-tiffs, Ac. 
A few varieties with special characteristics may be mentioned here. * 


^ Mr. Hutchings has made some intereating observations on the structure 'tof some of 
the Ixiwer Silurian tuffs aud tuffaceous slates of the north of England, c/eoL M&g. 1892j 
pp. 154, 218. 

On the occurrence and structure of tuffs, see J. C. Ward, Q. J. Qed. Soe, xxxi. p. 
388 ; Reyer, Jahrb. (led, HeichsanM, 1881, p. 67 ; A. Trans. Roy. Soc. Edxn. xxix., 
‘ Ancient Volcanoes of Great Britain,’ p. 81 ; Vogelsang, Z. Deutsch. OeoL Oes. xxiv. p. 548 ; 
Penck, op. cit. xxxi. j*. 504 ; A. Bemrose, Q. J. O. S. 1894, p. 603. On the basalt-tuffs 
of Scania, V. Eiohstadt, Sveriges Oeol, VndersSkn, ser. c. No. 58 (1883). On the volcanio 
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Traai — a ]>ale yellow or grey rock, rough to the feel, composed of hh oArthy or 
oompact pumiceoua dust, iu which fragments of jmniice, tracliyte, greywucke, luisaJt, 
carbonised wood, Ac., are imbedded. It has filled up some of llie \ alleys of the Eifel, 
where it is largely quarried as a hydraulic moi tar. 

Peperino — a d^ik-brown, earthy or granular tuff, found iu considcralile i|uantily 
among the Alban Hills near Rome, ami containing abundant crystals of iiugite, miwi, 
leucite, magnetite, and fragments of crystalline limostoue, basalt, and leucile-lava. 
The name Peperitc has been applied in Auvergne to certain volcanie breecias and tuffs 
of Tertiary age, some of which fill up volcanic vents, as is well seen on the .south east 
side of the hill of Gergovia ; while otheis appear to be intercalatid iiinong the lacustiiiie 
Tertiary strata, and to inclutlc Iresh-water shells.* 

Palagouitd • Tuff — a bedded aggregate of dust and fraginciits of basidtic la\!i, among 
which are conspicuous angular pieces .and minute gramilc.s of the }«ile yellow, grr-m, ml, 
or brown altered basic glass called palagomte. This vitreous substance is iiitimately 
related to the basalts (p. 236). It ap]H‘ar.s to h.t\e gatheied within volmiuc Neiit.s and 
to have been emptieil thence, not in streams, but by huoces.sive aeriform i s plosions, 
and to have been .sulisequeiitly inoic oi less altered. The pen-entugc cumiHtsiliun of a 
specimen from the tyiucal locality, Palagonia, in the Val di Noto, Sicily, was e.stiinated 
by Sartorius von Walteishauscn to be: .silna, 4126; aluiinna, h'ttO ; luric oxhIc, 
25 32 ; lime, 5'59; magnesia, 4 84; jH>tasli, 0 f»4 ; soda, 1*06; watei, ]2’79. This 
rock is largely develojied ainoiig the pioducts of the Icelandic and Sicilian volcano©*;* 
it occuisalao in the Eifcl, Nas.saii, Auvergne, Sc ania, Faioe Isles, Canary IsLind-s, New 
Zealand, and other places. It has been found to be one ol tlic idiaiactcristic features of 
tuffs of Carboniferous age in Central Scotlaml’ (Kig. 22h 

Schalstein. -Under this name, Ceiman |►ett^grapherH have jdaced a vaiiety of gteon, 
grey, ltd, Ol mottled fissile rocks, imprognatc<l with carbomile of lime. They are nilei- 
stratiticd with the Devonian formations of Nassau, the Har/. and Dcvonsluie, and with 
the Silurian rocks of I’.ohoiiiia. They Hometiiiu-s (‘ontaiii fiagments t>f clay slate, and 
are occasionally fossilifcions. They )>rc.s«‘iit amygdaloidal and jMirpliyntic, iis well an 
ptirfectly laminated .'jtructures I’lobahly they aie iii most cases tine diabase- luffs, but 
som6time.s they may lie forms of diab.a.se lavas, which, like the stratilied foimiitions in 
which they ho, have undergone alteiation, and ui paituular have atspiired a more or 
less tlistinctly fissile structure, as the result of lateral pressure and internal crushing.'* 

4. Bocks of Organic Ongiu. 

This .series includes dcjKwits fornuHl either by tlie growth and decay of organism* 
in situ, or by the transport and subsequent ttccumulatioii of their remaiiis. Thc.se may 

tuffs used for fmilding purposes iii the, Koman ('am]»agHU, A. ‘Verm, /{. ,S. (J. Htd. xi. 
(1892), pp. 63-75. On the metamorjdiihm of tuffs into lava like ns-ks, siso Dutton’s “High 
Plateaux of Utah” (U. S. Olograph, and (Jetd. Survey of Ht>cky Mounts.), 1880, p 79. 

* According to M. Michel-Levy and wjrne other Fieiich gco)«ansts, however, these rocks 
are to bo regarded as intrusive ma.sses. The evideme fur this view is fully set forth in No. 
87 of the Bull. Carl. OM. France (1902), !»>' M. J. (Jiraud The view sUUxl in the text 
was formed by me on the ground in Auvergne, und is baM-d not only on observations tliere, 
but on a wi^e experience of the similar but much more clearly jiresented evidence of the 
younger volcanic rocks in Central Scotland. 

* S, von Waltershausen, ‘ Ueber dft V ulkatiischeii Oesteine in Sii ilieii und Island,' 
1853, pp. 179, 424. H. Pjeturson, Sad. (Jroffraph. Mag. xvi. (1900). 

* ‘Ancient Volcanoes of Great ^ntain,’ vol. i pp. 33. 61. 422 ; li. pp. 44, 57, 228. 

* Opperniann, ‘Dissertation dW Schalstein und Kalktrapp,’ Frankfort, 1886. C. 
Koch, Jahrb. Ver. Nat. Nassau, xiii. (1858), pp. ‘218, 238. J. A. Phillips, Q. J. Q. S. xxxlL 
p. 166 ; xxxiv. p. 471. Hutchings, Qtol. Mag. 1892, p|». 154, 218, 
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be conveniently groufie*!, tccording to their predominant chemical ingredient, into 
Calcareous, Siliceous, riiosphatic, Olauconitic, Carbonaceous, and Ferruginous, 

1. Calcahrous. — Ho.sidft8 the calcareous formations which occur among the stratified 
crystalline rocks as results of the dejiositiou of chemical precipitates (]>. 190), a more im- 
portant scries is derived from the remains of living organisms, either by growth on the 
spot or hy transiMjrt and accumulation n.s mechanical sediment. T^o by far the larger 
part of tlio hmostunes intcn^alatcd in the rocky framework of our eonliiients, an organic 
origin may with proliability be assigned. It is true, as has been alirive mentioned (p. 156), 
that linicBtooe, formed of the remains of aniinal-s or plants, is liable to an internal crystal- 
line rearrangement, the effect of which is to ofwcure or obliterate tlie organic structure. 
Hence, in many of the older limestones, no trace of any fossils can ’hi' detected, and yet 
these rocks were almost certainly formed of organic icniains. An attentive microscopic 
study of organic calciireou.s structuic.s, and of the inode of tlieir replacement hy crystal- 
line calcite, sometimes detects indications of former organisms, even iu the midst of 
thoroughly crystalline matenals.^ 

Limestone (Calcairc, Kalkstcin) — essentially a mass of calcium-carbonate, some- 
times ncaily pure, and entirely or aliiio-st entirely soluble in hydrochloric acid, some- 
times loaded with sand, I'l.iy or other intermixture. Few rocks vary more in textuie 
and composition. It may be a hai'l, clo.so-grained mass, bieaking with a .splintery or 
conehuidal fracture ; or a crystalline rock built up of fine ciystalliiie grains of calcite, 
and resemliling loaf-sugar in colour and texture ; or a dull, earthy, friable, chalk-like 
dejiosit; ora compact, mas.mve, finely granular rock resembling a close-grained sandstone 
or freestone. As its normal hardness is about 3, it can easily be senitclied u ith a knife, and 
the white {Kiwder gives a copious efTervosceuco with acid. The specific gravity naturally 
varies according to the impurity of tin* rock, ranging from ‘J u to 2 8. The colours, too, 
vary extensively, the most common being shade.s of hlue-grcy and cieani-eolour passing 
into white. Some limestones are highly siliceous, the calcaieoiis matter having bee.n 
accompanied with silica in the act of iloposition ; others arc aigillacuous, sandy, ferni- 
giuous, doloiuitic, «r bituminous. Carbonate of magnesia in minute luoportion is pre- 
Hout ill most calcareous organisms, and, being less hoIubI(> than eaihonate of lime, its 
amount in calcareous deposits may in eonserjuenec be lueieasefl.* Although by far 
the larger iiumbor of limestones are of organic origin, their oiigmal clastic character, 
owing to intciiial rearrangement, has fre*juently been clianged into a crystalline one. 
Those which have been de|K)8ited a.s chemical precipitates without the e,o-opeialion of 
the agency of plants or animals are described at p. 190. Hut it is often quite inijxi.ssible 
to speak with confidcnca as to the derivation of a liniestoiie, for hy infiltrating water 
carrying calcium -carbonate in solution, the original texture of the rock may be 
entirely obscured or obliterated. We are here concerned with those varieties which 
have resulted from organic .secretions. 

Limestone comjKised af the remains of ^calcareous organisms is found in layers which 
range from mere thin lamime up to massive beds, several feet or even yards in thickness. 
In some instances, such as that of the Carboniferous or Mountain limestone of Britain 
ond Belgium, aud that of the Coal-measures in Wyoming and Utah, it occurs in con- 
tinuous suiMjrposed beds to a united thickne.ss of several thousand feet, and e.xtends for 
hundreds of stjuare miles, forming a rock out of which picturesque gorges, hills, and 
table-lands have l>een excavated. 

Limestones of organic origin, as above remarked, vary in texture aud stiucture, from 
mere soft calcareous mud or earth, evidently composed of entire or crumbled exgauisms, 
up to solid com [not crystalline rock, in whicli^ indications of an organic source may 

* Sorby, Address to Geol. Society, February 1879 ; and the [wper of Messrs. Cornish and 
Kendall, cited ante, p. 156. Gilmliel has suggested that the different durability of the cal- 
cite and aragonite organic forms may be due rather to structure than mineral composition. 

* On these carbonates see Hardman, Proc, Hop. Irish Aead, ii. (1877), p. 705. 
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not be perceptible. Mr. Sorby, in the Addrese already cited, called renewe<l attention 
to the importance of the fonu in which carbonate of lime is built up into animal 
atructurea. Quoting the opinion of Rose expressed in 1H58, that the diversity in the 
state of preservation of ditferent shells might be due to the fact that sonic of them hail 
their lime as calcite, others as aragonite, he showeil that this ojunion is amply siipjKirtcil 
by micioscopic ox^ination. Even in the shells of a recent raised beach, he olsMjrvcd 
that the inner aragonite layer of the Lonimun mussel had been coroi)letely removisl, 
though the outer layer of calcite was well preser\eii. In some shelly limestones contain- 
ing casts, the aragonite shells have alone disappeared, and where these still remain 
represented by a calcareous layer, this has no lotiget the utiginal stnictiiru, hut is more 
or less coarsely crystalline, being in fact a ]>scudomorph of calcite after aragonite, and 
quite unlike contiguous calcite shells, which ntuin thou original micfoseopioal and 
optical charactera. ' 

Not only IS limestone subject to the coinersion of oiiginal aragunito into calcite, lint 
further (metasomatic) changes frequently alter its chemical coin|H)sition. Hy a nplace 
raent of half its sulistaiicc hy carbonate of magnesia, it ia converted into dolomite 
(Dolonutisation I. In other cases the caibonate of lime lias been replaced by caibonale 
of iron which, on oxidation, becomes magnetite, hivmatitc, or limonite. This clionge 
appears to be specially apt to occur in oolitic bands, heni c probably many oi most of the 
oolitic foiiiis ot iioiistone. In some oases the oolite grains of calcite have been leplacod 
hy silica, and examples may Iw observed in formations of all ages wheie uiloareoiia 
organisms have had the place of then carbonate of lime taken by Hint or chert 
(Silicihcation). A furthei chemical alteration of oigaiuc limestone is w'eii where the 
calcite is replaced, in large part or wholly, by phosphate of lime (PhoRjiliatmation). To 
a considerable extent the calcite or aragonite of the organisms in some calcareous 
deposits has been replaced by glauconite (Gliuicunitiaation). For an account of these 
various processes, aee Book 111 Part 11. Sect. iii. § ‘i. 

The following list comprises some of the mure distiiictiie and inijKutant lurms of 
organically -derived lime.stones. 

Lake-Marl (Shell-Mail) -a soft, white, earthy, or ciumbling deposit, formed 
in lakes and pwnds by the accumulation ot the remains of fiesh-water ulg.e, shplls and 
Entomostraca on the bottom. When such calcareoua dejiOHitH Wcome solid conqiact 
stone, they are known as fresh-xmUr {laciuiirxnf) luiicslonfs, which are generally of 
a smooth texture, and either dull white, pale gre\, or i h am-colourcd, their fracture 
slightly conchoidal, rarely splintery. - 

Liimachellc — a compact, dark giey or biowii Iimestune, charged with ammonites 
or other fossil shells, which are sometiines iridesecnt, giving bright green, blue, orange, 
and dark red tints (fire -marble' 

Calcareous (Foraminiferal) Oo/e a white or grey calcareous mud, of organic 
origin, found covering vast areas of the floor of the Atlantic and other oceans, and 
formed mostly of the remains of Foramnufun, particularly of forms of the genus 

‘ The student will find the Address from which these citatlun.s are rnaile full of suggestive 
matter in regard to the origin and subsequent bictory of limestones. See also Conilsli 
and Kendall, “On the Mmeralogical Coiistitutitin of Calcareous Organisnui,’' alreiuly citwl, 
Gent. Mag. 1888, p, 66; Kendall, But. Awoe. 1896, |>. 789. Mr, Wethered has deacribed 
the minute structure of a number of limestones, see, for example, his jaqter on the Wenlock 
Limestones,**^. J. 0. S. xllx, (I893i. p. 286, The Hmiaiit Limestone has been described 
by Mr, fulcher, OtU. Mag. 1892, p. 1^4. Au exhaustive account of limestones, chiefly 
from the point of view of their use in architecture and the aria, will be found in Mr, 
8. M. Bumham'a ‘History and U-ses of Limestones and Marbles,' pp. xv., 392, with 48 
coloured reproductions of well-known ornamental stones. 

’ See a “Contribution to the Natural Histor) of Marl,” by C, A. Da\U, Journ. Qtol. 
xiii. (1900), pp. 485-497. 
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GUMgerina (Fig. 28). Farther accoant of thif and other organic deep-sea deposits is 
giren in Book III. Part II. Sect, lit When this material has been solidiOed into 
stone it forms Foraminiferal Limestone.^ 

Shell-Sand (Foraminiferal-sand, Null! pore-sand) — a deposit composed in great 
measure or wholly of comminuted calcareous organisms, found commonly on a low 
shelving coast exposed to prevalent on-shore winds. The organisms are sometimes 
the detritus of calcareous sea-weeds (nullipores) or foraminifora, broken-up shells, kc. 
When thrown above the reach of the waves and often wetted with rain, or by trickling 
runnels of water, this deposit is apt to become consolidated into a more or less firm 
limestone, owing to the solution and redeposit of lime round the grains of shell 
(p. 166).« 



riK. 28.— Foraiiilnlferal (OloWserina) Oo/e, dredgeil by tlie Challenger Ejciieditlon in LaL M* 1' 8., 
Long. 123* 4 ' E., from a depth of 1800 fathoiim (magmtlwi 60 Diameters). 

Coral-rock— a limestone formed by the continuous growth ot coral-building polyps. 
This substance affords an excellent illustration of the way in which organic structure 
may be effaced from a limestone entirely formed of the remains of once living animals. 
Though the skeletons of the reef-building corals remain distinct on the uppr surface, 
those of their predecessors beneath them are gradually obliterated by the passage 
through them of percolating water, dissolving and redepositing calcium carbonate. We 
can thus understand how a mass of crystalline limestone may have been produced from 
one formed out of organic remains, without the action of any subterranean heat, bnt 
merely by the ^rineation of water from the surface.’ ^ 

' On foraminiferal limestone, see P. Chapman, Oeol. Mag. 1900, pp. 816, <867. A 
detailed comparison of globigeriua ooze with chall will be found in chap. ziii. of Cayeuz, 
*tttade Mlorogr. Terr. Sedira,’ 

’ On JSolian lime-stones see an interesting paper by Dr. J. W. Evans on “ Mechanically- 
fomieil Limestones fVoro Junagurh and other Localities," Q. J. O. S. Ivi. (1900), p. 559. 

* See the section Coral-reefs in Book III, Part II. Sect. iii. § 3 ; also Dana’s 'Coral 
and Coral IsIaud^’ p. 854 ; and the account of the Devonian and Carboniferous limestones 
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Chalk — a whita soft rock, meagre to the touch, soiliug the fingers, formed of a hne 
calcareous fionr derived from the remains of i^oramin(/irr», echinoderma, tnollusks, and 
other marine organisms. By making thin slices of the rock and examining them under 
the microscope, Sorby found that Foraminifera, particularly and single 

detached cells of comparatively shallow-water forms, probably constitute less than lialf 
of the rock by bulk (Fig. 21), the remainder consisting of detached prisms of the outer 
calcareous layer of Inoceramus, fragments of Oair^a, *v'liiuiHierms, spicuU-s of 

sponges, kc. A microscopic investigation of chalk from the noighlKiurhoo*! of Lille 
showed that, besides the usual organic constituents, the rook coiiUins iniiiuto gtains 
and crystals of quartz, tourmaline, zircon, rnlile, garnet and folspai-s,* these minerals 
being among the most widely tlitfuscd and {Misistent iiigu^luMils in the tiuer sediments 
that are derived from the denudation of crystalline rotks, ^see p. 163). 

Crinoidal (Kiicrinite) Limestone— a rof;k eornjHwed in great jwirt of crystalline 
joints of encrinites, with Foramim/rra, corals and inolliisks. jt vuiic.s in colour from 
white or pale grey, through shades of bluish grey (sometimes yellow or brviwn, less 
commonly red) to a dark grey or even black colour. It is abundant among Palieozoic 
formations, being in Western Europe esjHHually characteristic of the lower jiait of the 
Carboniferous system. 

2. Siliceous. —Silica is directly eliminaU-d fiom l»oth fresh and s.slt water by the 
vital growth of plantp and animals. (Book III. Part II. Sect lii.) 

Diatom-earth, Tripolite (Infusorial earth, Kieselguhr)— a siliceous deposit foruKsl 
chierty of the frustules of liiatoras, laid down Ixilli in salt ami in fresh water. Wide 
areas of it are now being deposited on the be<l of the South Paeific {Duiimn ooze, Fig. 
185). In Virginia, United States, an extensive tract occurs covered with diatom-earth 
to a depth of 40 feet. The same substance likewise* underlies pe.at- mosses, probably as 
an original lake-deposit. It is u.sed as TnjMth poioJrr for polishing purfHWes, and in 
the manufacture of high explosives (p 609). 

Radiolarian oo*«— a pale chalk-liko abysmal marine deposit consisting mainly of 
the remains of siliceous radiolarians and diatoms. It is further referred to at p. 624. 

Flint (Silex, Feuerstein)— a grey or black, excessively comjjaet rock, with the hard- 
ness of quartz and a perfect conchoidal fracture, its splinters being translucenfon the 
edges. It consists of an intimate mixture of crystalline insoluble silica and of amorphous 
liilica soluble in caustic jiotass. Its dark colour, which can hn de.stroyed by heat; arises 
chierty from the presence of caibonaceous niattei. Flint occurs abundantly as noihilea, 
dispersed in layers through the Upfier Chalk of Kngland and the north west of KnrijjS), 
likewise in Jura.ssic limestone-s in the south of England. It frequently encloHcs 
organisms such as sponges, echini and brachio|xrd.s. It lias liecn dejwmited from either 
salt or fresh water, at first through organic agency, and sub.se<piently by ciu-mical pre- 
cipitation round the already de|Kmite«i silica. (H<x>k III. I’art 11. Sect, in.) Thus, 
in some oases, as in the spicules of sjxmges, the silica has had a dirf*ctly organic origin, 
having been secreted from sea-water by the living organisms. In other cases, wliere, for 
example, we find a calcareous shell, or echinus, or coral converted into silica, it would 
seem that the substitution of silica for calcium -carbonate has Vieen elfecU'd by a procewi 
of chemical {iseudomorpltisni, either after or during the formation of the limestone. 

in the present volume. Dupont has shown that many of the massive limestones of heli:.inii 
have been farmed by reef-like masses of SlroimtiijHfra or allied organism*'. 

* L. Cayeux, Ann. iioc. (Jiol. y<rrd. jvii. (1890), p. 283. This geoJ<*Ki*'l ha- fim e pub 
lisbed a detailed account of the minute structure and oomiKjsitiou ol the Clmlk and other 
Cretaceous deposits of France in bis large 4U> volume, cited on p. 106. To the mnierals 
above meutiuned as having been detectwl in the (’halk there have since Ueii a l'lcd 
magnetite, muscovite, both orthoclase and plagKxlaae, anataae, brookite, cb nnW, - in. 
tide, garnet, apatite, corundum, and ilraenite {op. rU. p. 257) Sw also .Mct-'f^. .Tnio 
Browne and Hill on Chalk, Q. J. O. S. xlii p. 216 ; xliii. p. 644 ; xlv. p 40T 
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The vertical ramifying masses of flint in Clialk show that the calcareous ooze had to 
some extent accumulated before the segregation of these masses.* Chert (phthaiiite) 
is a name ajiplied to impure calcareous varieties of flint, in layers and nodules which are 
found among the Pahvozoic and later 'formations, especially but not exclusively in lime- 
stones.* 

3. Phohphatic. — Phosfihatc of lime, widely distributed in natiii-e in minute 
quantities, is in various places aggi-egated into masses of eoiisirlerable dimensions. It 
occurs as the mineral apatite, which is occasionally abundant in crystalline limestones, 
gneisses, and various igneous rocks. But we have here to deal with those deposits 
of phosphate of lime which are found made up of detrital organic material and inter- 
calated among sedimentary strata. A few invertebiata contain phosphate of lime. 
Among these may be mentioned the brachiojtods Lingula and (Jrhicula,''^ also Conularia, 
Serpu/ites, and some recent and fossil Crustacea. The shell of the recent Lingula oralis 
was found by Hunt to contain, after calcination, 61 )ier cent of fixed residue, which 
consisted of 85'70 per cent of phosjihate of lime, 11'75 carbonate of lime, and ‘2’80 
magnesia. The bones of vertebrate animals likewise contain about 00 per cent of 
phosphate of lime, while their excrement sometimes abounds in the same substance. 
Hence deiiosits rich in phospluito of lime have resulted from the accumulation of animal 
remains from at least Cambrian times iiji to the i>resent day.s. In the Lower Cambrian 
strata of New Brunswick phosphatic nodules are aggregated into a layer two inches 
thick and are also scattered through the .'idjoining sandstones. They are crowded with 
testa of protozoa (foramiiiifeia, sponges), and contain about If) per cent of phosplioiic acid. 
Other nodules in the same formation are made up of comminuted Lingular.* Associated 
with the Bala limestone, in the Lower Silurian seiies of Noith Wales, is a band composed 
of concretions cemented in a black, gnipliitic, slightly phosphatic matrix, and contain- 
ing usually 64 per cent of pho.sphate of lime (phosphorite).’ The tests of the tnlobites 
and other organisms among the Cambrian roeks of Wales also contain phos])liate of lime, 
soinetinies to the extent of 20 jk?!- cent.” A chemical traiisfoimation takes place by 
which the calcareous mattoi of organisms, shells, sponges, i^c. is rcqdaeed by calcium- 
phosphate. This proces.s (pho.sphatisatiou) will be more fully notice<l in Book III. Part 
II. Soot iii. S 8. Phosphatic, though certainly far inferior in e.xtent and inqioitauce 
to calcareous, and even to siliceous, formations, are often of singular geological interest, 
as well as of considerable economic importance. The following examples may seive as 
illustrations. (Hook III. Part II. Sect. iii. g 8.1 

‘ On fonuation of chalk-flints, see Book HI. Part II. Sect. iii. S 3. 

* Consult Hull ami Hardman. Trans, Rog. Dublin Sm'. i. (1878). p. 71. Keiiard, Bull. 

Acad. Roy. Belgique, 2nd ser. v«>l. xlvi. p. 471. Stdias, Ann. Mag. yat. Hint. vii. (1881), p. 
141. Scientific Proc, Roy. Dulthn Soc. vi. (1887), Part I. G. J. Hiiide, Geol. Mag. 188/, p. 
436 1888, p, 241 (Permo-CarlKiniferoiis cherts of S]Htzbergeu). E. 0. Tovey on Cambrian 

and Carboniferous cherts in Missouri, Amer. Jouin. Set. xhnii. (1894), p. 401. Bauds of 
radiolarian chert occupy persistent horizons among the Ixtwer Silurian rocks of Southern 
Scotland, and have been met with in other parts of Britain in tlu* ‘-ame stratigraphical 
series. 

* Sterry Huut, Amcr. Jonrn. StK. xvii. (1854), p. 236. Logan’s ‘Geolog)- of Canada,’ 
1863, p. 461. 

* W. D. Matthew, Trans. Ntic York Acad. Sci. xii. (1893), p. 108. . 

® D. C. Davies, Q. J. O. S. xxxi. (1876), p. 867. See also Orel. Mag. 1875, pp. J88, 288 ; 
1877, p. 267. A good acconut of the phosphatic tieposits of North America and Europe, 
by R A. F. Penrose, Junr., will be found in Bull. Mo. 46 U. S. O. S, (1888), with a biblio- 
graphy of the subject. 0. W. Hayes, 17<A Ann. Rep. U, S, Q. S. Part ii. ; 21st Ann. Rep. 
U. S. 0. Sk Part iii. (1901). G. H. Eldridge, “On Phosphates of Florida,’’ Amer. Inst, 
Mill. Engin. 1892. 

^ Hicks, ^ J. (jr. S. xxxL p. 368. 
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Onaao — » de^xMiit couabtiug uiaiuly ot‘ the dropping^ ot se*-to\vl» fonued on inlands 
in rainloas tractji off the wcsteni coasts of South AinencA aaid of Afi ica. It is a brown, 
light, powdery substance with a peculiar ainmoniacal odour, and occurs in dotHMits some- 
times more than 100 feet thick. By long cxposuie to rain or sea waU'r the soluble con- 
stituents are removed, and a mass of material, insoluble oi almost insolublo in water, is 
left behind, varying finm the consistency of loose jwvvder to that of a haid comiiact stone. 
Hence tlie substance has been divido<l for commeicial purpo-es mto soitibU guano and 
UarfiKil guano. Analyses of American guano give — coinbustibltt oiganie matter and 
acids, 11:3; ammonia (carbonate, iimte, Ac,), 31*7 ; lixinl alkaline salts, snlpbates, 
phospliatcs, chlorides, &c., 8‘1 ; jihosphates of lime and magne.sia, ; oxalate of lime, 
2*6; Band and earthy matter, 16 ; water, 22 2 . This letnarkablo snlwitAiice is highly 
valuable as a source of artifical mnnures. (Book III. P.ut II. Sect lii. § 3.) 

Bone-Breccia — a <lei>osit consisting laigely of fragmentary Inmcs of living or extinct 
species of vertebrates, especially mammalia, found soinetinieH uinloi stalagniilc on the 
floors of limestone cavcnis, more or less mixed with earth, s.ind or hnic. In aonie older 
geological formations, hone -beds wcur, fornu*<l largely of the icinaiiis of reptiles or 
flshes, as the “Lias lainc-Wd " and the “Ludlow lKUie-l*ed.” 

CoproUiic nodulea and beds ‘—are formctl of the accumulated cxcTeincnt (coiuolitea) 
of vertebrated animals. Among the Cuibonifcrous shales of the basin of the Firth of 
Forth, copixjlitic nodules are abundant, together with the bone* and scnle* of the lai^r 
ganoid fishes which voided them : abundance, of broken scales and bones of the amaller 
ganoids can usually bo okserved in the coprolitcs. Among the Ixiwcr Silurian nwka of 
Canada, numerous phosphatic nodules, supiKMcd to bt* of copixilitic oiigu). •xicur.'* The 
Ithosphatic beds of the Cambridgeshire Cretaceous rocks have k en laigely worked as a 
source of artificial manure. In |>opuIar and esjiecially commercial usage, the woni 
“copiolitic” IS applied to lUKluIar deposits which can lie worked for plioKjdiatc of lime, 
though they may contain few or no true coprolite.s. 

Phosphatic Chalk.— In the t'halk of Frniicc ami Belgium, mure spaiingly in that of 
England, certain layers occur where the original calcareous matter has Iweii replaced to 
a considerable extent by phosphate of lime. Such bands have fn-tpicntly a biownisb 
tint, which on examination is found to result from the al)undan*‘e of minute brown 
grains composed mainly of phosphatsa By the {vocess of phoH])hnt i.sation almve referred 
to, the foi-aminifera and other minuter or fragmentary fossils have lx*en changed into this 
brow n substance. The proportion of pho.sphate of lime ranges up to 4& )m>i c cut or more.* 

4. (Ji.ArcoNiTic Many sandstones and other sedimentary ilcjiohitH have a greenish 
colour from the presence of abiiiidaiit glauconite, which coats Iheir grains and is 
dispersed in irregular nodules, xeins and partings (glauconiiisation). As already 
remarked, this substance is found filling the chsniWrs of recent jiolytbalamia off the 
coasts of Florida, and abundantly dilfuse^l over ceitaiii parts of the wa-floor, especially 
in the green muds. In the atratified fonnations of the earth's -ciUJit many examides of 
similar dcjiosiliou liave been observed. In the Cambrian system of New Brunswick 
abundant giaiiis of glauconite occur associated with foraniiiiifcra and with aom* 
phosphate of lime. < The .Secondary and Tertiary formations likewise include excellent 
illu.stratioiis of glauconitic deposits. The CiX’tacoous members known as the I>ower and 
Upjier (iieensand of England owe their coloui to the presence of the same green mineral. 
(Book III. Part II. .Sect. hi. § 3.) 

5. CaRbokaceous. —The formations her* included have almost always resulted from 
the dway and entombment of vegetatson on the sjiot where it grew, sometimes by the 

‘ Oil the origin of phosphatic nodules and beds, He«’ (fruiicr, //. -V. fr. xxviii. (2nd ser. ), 
p. 62. Martin, >rp. cU. iiL (3nl ser.), p. 278. “ liOgau’s ‘Geology of Canada,’ p. 461. 

* See A. Renard and J. Comet, Bull. Acad. Rog. Btlguiut, xxi, (1891), p. 126. A. 
Strahan, J. O. S, xlvU. (1891), and the pepers cited in Book III. Part II. Sect. iii. | 8. 

*■ W. D. Matthew, Tramt. 2itw York Arad. Sci. xii. (1893), p. 111. 
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drifting of the plants to a distance and their consolidation there. (See Book IIJ 
Part II. Sect. iii. § 3.) In the latter case, they may be mingled with inorganic sediment 
so as to pass into carbonaceous shale. Occasionally the carbonaceous material has been 
mainly supplied by animal remains. 

Peat (Tourbe, Tor/) — vegetable matter, more or less decomposed and chemically 
altered, found throughont temf*crate climates in boggy places where marshy plants grow 
and decay. It varies from a pale yellow or brown fibious substance, like turf or compressed 
hay, in which the plant-remains are abundant and conspicuous, through various stages 
of increasing solidity (and sometimes with a laminated structure) to a compact dark brown 
or black material, resembling black clay when wet, and some varieties of lignite when 
dried. The nature and proportions of the constituent elements of peat, after being dried 
at 100” C., are illustrated by the analysis of an Irish example which gave — carbon, 
60-48 ; hydrogen, 8-10 ; oxygen, 32T)5 ; nitrogen. 0 88 ; while the ash was 3-30.‘ There 
is always a largo proportion of water which eannut he driven off even by drying the peat. 
In the manufacture of compressed peat for fuel this constituent, which of course lessens 
the value of the peat as compared with an equal weight of coal, is driven off to a great 
extent by chopping the peat into tine pieces, and theieby exposing a large surface to 
evaporation. The ash varies in amount from le-ss than 100 to more than 65 per cent, 
and consists of sand, clay, ferric oxide, sulphuric acid, and minute proportions of lime, 
soda, potash and inagnc.sia.'-* Under a i»ressuve of 6000 atmosphere.^- j:*eat is converted 
into a hard, black, brilliant substance having the physical aspect of coal, and .show- 
ing no trace (»f organic structure." 

Lignite (Brown Coal) compact or earthy, eomjire.ssed and chemieally .altered 
vegetable matter, often retaining a lamellar or ligiieou.« te.xtnre. i^ith .stems .showing 
woody tihre crossing eacfi other in all directions. It varies from pale brown or yellow 
to deejt brown or black. Some shade of brown i.s the usual colour, whence the name 
Brov'n Cmtl, Ity which it is often known. It contains from 55 to 7.5 per cent of carbon, 
has a Hppcitic gravity of 0*5 to l-,5, burns easily to a light ash witli a sooty flame and 
a strong burnt .smell. It occurs in beds chiefly among the Tertiary strata, under con- 
dition.s similar to those in which coal is found in older formations. It may be regarded 
as a stage in the alteration and mineralisation of vegetable matter, intermediate between 
peat and true coal, Ditferent varieties of lignite have received special names to denote 
their peculiarities, such as Pitch-coal, tihious or woody Brown coal, P.iper coal. The 
Surturbrand of Icelaml and the Faroe Islands is a variety of brown coal whicli occurs 
in seams intercalated among the Tertiary basalts and palagonitc tufts. Similar layers, 
including some black glossy coal, are found here and there in the coriesponding volcanic 
series m the wc.st of Scotlaml and north of Irel.iml. 

Ccal— a compact, usually brittle, velvet-black to jutch-ldack. iron-hlnck, or dull, 
someumes brownish rock, with a greyish-black oi brown streak, and in some varieties a 
disrinctly cubical cleavage, in others a conchoidal fracture. It contains from 75 to 90 
per cent of carbon, 3 to 20 of o.xygen, ^ to 5^ of hydrogen. 0 to 2i of nitrogen, and from 
1 to 30 of ash, w'ith frequently a small percentage of sulphur, generally in the form of 
iron-disulphide. It has a specific gravity of 1-2 to 1*5, and bnrn.s with comparative 
readincs.s, giving a clear flame, a strong aromatic or bituminous smell, some varieties 
fusing and caking into cinder, others burning away to a mere white or rod ash. Though 
it consists of compressed vegetation, no trace of organic .structure is iwually apparent.'* 

* For Riinlyses of vanoii*. i)eats lYom Baden, see Nessler. Ht net Ju/i,/, |>. 62. . d. 

Websky, Jouni. PraU. Chrm. xeii. (1864), p. 92. t 

* y«e Senft « * Humus-, Morsch-, Turf- und Liioonit-bildungeu,' Leipzig, 1862. J. J. Fndi. 

‘ Ueber Torf und Dopplerit,’ Zurich, 1883. and the various niemoin quoted jmtea, p. 606. 

® Spring. Bull. Acad. Roy. Bruxelles, xlix, (1880), p. 367. 

* Ou the influence of pres-sure on the fomuntion of coal, see Fta'my. 1 ^ud. 20th 

May 1879. Spring, ui supn^cit. 
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An BttMitive flUinioAtion. borerer, will oft»n discloM portions of stems, leaves, kt., 
or at least of oarboniaed woody fibre. Some kinds are slmttsi wholly ntade up of the 
spore-cases of lycopodiaceous plants (Fig. 24). There is reason to believe that ditferent 
varieties of coal may have arisen from original diversities in the nature of the vegetation 
out of which they were formed. Various types arc rerognised as caking coal, non- 



Fig Jl.— Mu lOMSuiK Mrnctuic of DalknUi slii.uiiu; LjMijxKlurroiu, s|>oniti|tla 
(inaginfl'nl •.SK* iiiaiiu-ti'i'i'l 


caking coal, cannel (or parrot; coal. jet. The accompanying tabli shows the ohcroical 
gradation between unaltered vegetation and the more highly mineralised forms of coal 


Table skowino the (.haoual Chanoe ik Comimimtion h:<>m to ( hahi'oaii. 


1 


i l<fii, 1 f , over anti 
nht»\<> what In pe- 
|.|uii«l 0, fonri watfi 


SubxtHiice 


1. Wood (mean of seveial .inalyses) 

2. Peat ( ,. .. . ) • 

3. Lignite (moan of 15 varieties) 

4. Ten-yard coal of 8. Statfonlshin* 1 > 

basin . ■ / j 

5. Steam cool from the Tyne 

6. Pentrefelin Gosl of S. Woles . . , 

7. Anthracite from Pennsylvania,!' 8. j 


100 

12 -IK 

ST07 , 

1-80 

100 

9 85 

5.5 -67 

2-89 

100 

.37 

42 42 

3-07 

100 

0 12 

*21 -23 

3 47 

100 * 

1 .5-91 

18-32 , 

3 H2 

100 

1'7.5 

5-28 

4 09 

100 

! 2-84 

1-74 

2 63 
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Coal occurs in seams or beds intercalated between strata of sainlstone, shale, lireclaj, 
Ac., in geological formations of Paheozoir, Secondary, and icrtiary age. It should lie 
remembered that the word coal is rather a popular than a scieiitilic tenn, lieing 
indiacrirainately applied to any dense, black roineial Mibstance capable of being 
used as fuel. Strictly employed, it ought only to be usetl with refcience to beds of 
foaailiaed vegetation, the ^ult either of the growth of plants on the sf«>t or of the 
drifting of them thither. 

The fallowing analyses ahow the chemical com|»osition of |Kat, lignite, and some of 
the principal varieties of coal * : — • . L_ 


‘ Percy’s * Metallurgy,’ i. p. 265. 

* From Percy's ‘ Metollurg),' vol. i. A Coiuroittee wa- apjKiinted by the British Asaorib- 
tion some years ago to ascertain the proiiroate chemical constituents of iT»al, and has Ivielly 
reported In the Rep. B. A. for 1894, p. 24«, and for 1^96, p. 340. On the procew of the 
oottveraion of vegetable remain* into lignite and coal, see Book III. Part II. Sect iii. | 3. 
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l.iyuite. 


Soii-Cid- 

Cnnuel 

A nthra. 


1 ■ 1 

Vo"l. 

ing Coal. 

Coal. 

aU. 


1 IVmiii- 
1 shire. 

1 

Bf»vey 
Trace> , 
Devon. 

Noithniii- 

tierlaml 

■). Staffoiil- 
sliire. 

Wignii 

8 Wnles. 

Carbon 

. ! 54 02 

66-31 

78*69 

78*57 

80*07 

90*39 

Hydrogen . 

. ; .5 * 21 

5*63 

6*00 

.5 "29 

5-53 

' 3*28 

Oxygen 

. ' 28*18 ! 

•22*86 

10*07 

12*88 

8*08 

i 2*98 

Nitrogen . 

' 2*30 1 

0*67 

2*37 

1*84 

*2*12 

1 0*83 

Sulphur . 

0.56 

*2 -.36 

1-51 

0*39 

1*60 

[ 0*91 

Ash . 

. , 9*73 

2*27 

1-36 

1*03 

_l 

2*70 

1 1*61 

1 

Hjiecific gravity-. 

. ' 0*850 1 

1 1 

1*129 

1 *259 

1**27S 

1*276 

1 *392 


Theae analyses are exclusive of water, wli^ch in the peat amounted to 25‘66, and in 
the lignite to 31*66 per cent. 

Anthnuiite— the most highly mineralised form of vegetation— is an iron-black to 
velvet-black substance, with a strong metalloidal to vitreous lustfe, hard and brittle, 
containing over 90 i>er cent of carbon, with a speciBc gravity of 1*35 1*7. It kindles 
with difficulty, and in a strong draught bums without fusing, smoking, or smelling, 
but giving out a great heat. It is a coal from which the bituminous parts have been 
eliminated. It occurs in beds like ordinary coal, but in positions where probably it has 
been subjected to some change whereby its volatile constjtuoris have been expelled. It 
is found largely in South Wales, and 8i)aringly in the Scottisli coal-fields, where the 
onlinary coal-seanjs have been approached by intrusive masses of igneous rock. It is 
largely developed in the great coal-field of Pennsylvania.’ Some Lower Silurian shales 
are black from diffused anthracite, and have in consequence led to fruitless searches for coal. 

Oil-shale {B)andsckif/er)—Hh(t\e containing such a proportion of hydrocarbons as 
to be capable of yielding mineral oil on slow dwtillation. This substance occurs as 
ordinary shales do, in layers or beds, interst rati tied with other aqueous dejwsits, as in 
the Scottish coal-fields. It is there in a geological srnise true shale, and owes its 
peculianty to the (piantity of vegetable (or animal) matter which has been jtreserved 
among its inoigainc constituents. It consists of fissile argillaceous layers, highly 
impregnated with hituminous matter, passing on one side into common slialc, on the 
other into canncl or jvurot coal. The richer varieties yield from 30 to 40 gallons of 
cnide oil to the ton of shale. They may bo distinguished from non -bituminous or 
feebly bituminous shales (throughout the shale districts of Scotland), by the pculiarity 
that a thin ]taring curls up in front of the knife, and shows a hiowm lustrous streak. 
Some of the oil-shales in the Lothians are crowded with the valves of ostracod crustaceans, 
beaiiles scales, coprolites, Ac., of ganoid fishes. The hituminous matter has probably 
been derived from a jmlpy mass of decayeil vegetation, consisting probably in large j>art 
of algtt* and other simple forms, though the animal remains are sometimes so abundant 
as to suggest that they may have to some considerable extent contributed to the 
carbonaceous constituents of the original mud. One of the most famous of the oil- 
producing seams in the Scottish coal-field w’a.s the now exhausteil seam of Boghead, 
which has been claiined by some geologists as a variety of cannel coal, by others as 
a bituminous shale or mud-stone.^ It has given its name to a type of o\l-bcaring 

’ On the classification and comimsition of the Penn'<yJvania Anthracites, see C. A. Ashburner, 
KSc/cTitr, 14th Maroh 1884. Atner. Inst, Min. Engin., February 1886. On their origin, 
J. J. SteveiiNon, Journ. Odl. i. (1893), p. 677. 

C. E. Bertrand and B. Renault, Ann, Soc, GvI. Nortl. x.x. (1892), pp. 2)3-259; 
Compt. n nd. ewii. (1893), p. 593 : C. E. Bertrand, Bull Soc. Hist. Not. Jm/um, ir. (1896) ; 
Compt, rend. Vongris. Gfol., Paris (1900), p. 458. See also the late Professor J. s! Newberry 
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minemls '.vhich ar« known as “Bogheads,” and apjwar to liave Iwen foniied mainly of 
alg». Among these is Torbauite, wliich really is the original Hogliead seam mined at 
Torhanehill, Bathgate, Linlithgowshire ; and kriosene shale, a variety fioni New South 
Wales, which has been found by M. C. E. Bertrand to consist of a fundamental clear 
brown flocoulent jelly-like base, crowded with minute rounded iMufies, together with 
spores, grains of imllen, alga*, and debris of other vegetation. “ Boghead” is woikcd 
in the Autun coal-field of France. Some of the flagstones of the Old Red Sandstiuie 
of the north of Scotland are highly bituminous, likewise the Kimmeiidge elay in the 
.lurassic series o^ the south of England. Uiidei the name “ pynivliist^ ’ Sterry Hunt 
classeil the clays or shales (of all geologieal ages) which an- hydiiu iiilxmareous, and 
yield by distillation volatile hydiocarlions, inflammable gas, Ac. 

Petrolanxn, a general term, under which is included a senes of uatui.il mineral oils.’ 
These are fluid hylroearboii com|)ound8, varying from a thin, colonrloRs. w ,»tei y Iniuidily 
to a black, opaque, tar-like viscidity, and in speoilic gravity fiom 0 8 to 1 1. The paler, 
more limpid varieties arc generally called iiaphtlia, the daiker, more vis( id kinds 
mineral tar, while the name petroleum, .or lock-oil. has Wen more geiieully applie<l 
to the intermediate kinds. I'etioleum oeciirs sparingly in KuuqK' A few hiealities 
for It are known in Britain. It is found abundantly along (he eoimtiy stretching fnmi 
the Caiqiathians, through (iallieia and Holda\u ; at liaku on the ('.■iHpi.ni.’' and in the 
so-called oil-regions of North America, particiilaily in Western Canada ami Northern 
Pennsylvania, where vast (luanlities of it have l»een obtained. In reim.sylvania it is 
found especially in certain poions Iteds of sandstone oi “ vuid io(ks ' wliieh oecnr as 
low down as the Old Hod .Sandstone, or even as the top of the Silniiati system In 
Canada it is largely present in still lower straU. Its origin in th.w ancient formations, 
where it cannot be satisfactoi ily connected with any <leHtnutive distillation of coal, ia 
fiiither referied to at pp. Sfl, 318, ‘t.'7 

Reference may here he made to the ahiiiidant discharge of gaseous hydr<H ai Imns at 
the places where iwtrolcum 18 abundant. From a rcmot4- pirioil tlie mitiirsl gas haa 
been made use of by tiie-woishipi>ers, as at the still prcseived teinjdc with its tower 
and e.scaping gas near Baku. So eopious is the supply of ga^ in IVimsylvaiii.i that it is 
employed to light towns, and for various iudustrnl pni|K)Hes. The natnnil hydroearbona 
have been divided into— Ist, Bituminoua, with maish gas and nutnial gas at the one end 
and intermediate kinds, fluid (naphtha, ^letiolcunii, vis.-oiis (mineial t.ii), and elastic 
(elateiite) to solid substances at the other, with aiithiacitc to finish the list; '2nd, 
Resuions (amber, Ac.); 3id, Ceious (o/oceiite, liatdiettite' . and Uli, CiysUilluie 
(ticlitelite, hartite, Ac,).’ 

Amber a fossil lesin, found iii pieces of iiiegulai shajH* in various Teitiary and iK>8t- 
Tertiaiy dei>osits. Laige quantitieR of it are washed ashore from Hubmarine forrnutiona 
under the Baltic, and also on the east coast of England. Insects have olteii lx‘«*ii jicrfectly 
preseived in this substance, 

on the origui of the carltoiiaceona inatlcr in liitummous slmles, .\>ii Jed Sci. 

11 No. 12 vi883). 

’ The most compreliensive English work on tins snlfttiuK.- i- ‘iVtrolcoio, by .Mr. H 
Redwood, in two \ols. of 900 pages, London, (hiftith and t'o. lH9fl Tlicce arc likewise a 
small work by R. N. Boyd, ‘I'ctrolenm, its Duvelopmciit and Usc>,' pp. 85. I/mdoii, 1896 ; 
' Le Petrol^ I'Asphalte et Ic Bilunie au point dc, me g<'ologiqnc, A. .la/card, pp. 292. Paris, 
1896. also E. Orton, “Geological Probabilities as to Petroleinn, Jt. Akhi dyt. 
ix. (1897), p. 85. ('. Odisenius, “ Erthflbildung, " / It. <>. <i. xlviii. (1896), j^p 2.19, 685. 

- Abich, JM. Upd. Rcu-hMtwd, xxix. (18791. p 16.5. Trauta. bold. Z. h. O. O. xxri. 
(1874), p. 257. See/s«<w, Book III. Part 1. Beet 1. if 2, P- 317. where other aothorities 

are cited. , ^ „ 

» Trt/iiK Amfr. Jnst. Min.. S)igin. xvlii. p. 5«2. ti. H. EMridge, I7th Ann. Rep. U. S. 

Oeof. Sitrr. (1896), p. 916. 
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AiphBtl— t Minooth, brittle, pitch4ike, black or brownish-black mineral, having a 
resinous lustre and conchoidal fracture, streak paler than surface of fracture, and 
specific gravity of TO to 1’6S. It melts at about the tcm|)crature of boiling water, 
and can be easily kindled, burning with a bituminous odour and a bright but smoky 
flame. It is composed chiefly of hydrocarbons, with a variable admixture of oxygen and 
nitrogen. It occurs sometimes in association with petroleum, of which it may be 
consi<lered a hardened oxidixed form, aometimes as an impregnation filling the pores or 
chinks of rocks, sometimes in independent beds. In Britain it ap{)ear8 as a product of 
the destructive distillation of coals and carbonaceous shales by intrusive igneous rocks, 
aa at Binny Quarry, Linlithgowshire, but also in a number of places where its origin is 
not evident, ns in the Cornish and I.)erbyshtre mining districts, and among the dark 
flagstones of Caithne.ss and Otkney, which are laden with fossil fishes. At Seyssel 
(D^partement de I'Ain) it forms a deposit 2500 feet long and 800 feet broad, which 
yields 1500 tons annually. It exudes in a Injuid form from the ground round the 
borders of the Dead Sea. In Trinidad it forms a lake nule in circumference, which 
is cool and solid near the shore, but increases in tempciaturo and softness towards the 
centre. Uintaitc is the name given to a brilliant black, brittle, tar-like vaiiety of 
asphalt which, with its allied hydrocarbons, Wuitxilite, Elatcrite, Ozocerite, and Maltha 
is spread over a wide area in Eastern Utah, where it oceur.H as veins in sandstones, shales, 
and limestones, having evidently ri.sen from Vlow under considerable pressure so as to 
fill cracksdn the strata and impregnate their substance.* ** 

Qraphita. — This mineral wours in ma-ssesot sufficient size and importance to deserve 
a place in the enumeration of carbonaceons rocks. Its mineialogical characters have 
alreatiy (p. 5«2} been given. It ocour.s m distinct lenticular beds, and also diffused in 
minute scales, through slates, schists, and limestones of the older geologn al formations, 
as in Cuhiberland, Scotlaml, Canada, and Bohemia. In branching veins through 
granulitos and other igneous locks, it foiins the most iiii|K)rtant mineral product of 
Ceylon.''* The mode ot uiigin o| thi.s ruck is somewhat obscure. In certain cases, as 
where it has l>een found at New Cumnock in Ayrshire to have resulted from the 
intrusion of basalt into a coal-seam, it hiu obviously been formed from the alteiation 
of vegetable maleiial. But in the numerous ca-ws w here it runs in streaks and veins 
through igneous rocks, such an origin can lianily l*e conceived. It is then more 
probably duo to the uprise of livdiocartioiis from lielow, probably in a liquid, possibly 
gasooui condition, and to the final elimination of the hydrogen and isol.ation of the 
carbon. (I’li. IM.'i, 318, 357.) 

6. FKKRCCiiNous. — The decom|M)sitioii of vegetable matter m marshy places and 
shallow lakes gives rise to certain organic acids which, together with the carlionic 
acid 80 generally also present, decompose the ferruginous minerals of rotks and carr)' 
away soluble saltj^ of iron. Exposure to the air leads to the lapid dccom{>a»ition and 
oxidation of those solutions, which consequently give rise to precipitates, consisting 
partly of insoluble basic salts ami (tartly of the hydra teil feivic oxide. These precipi- 
tates, mingled with clay, sand, or other mcohariical iin|)iirity, and also with dead and 
decaying organisms, form deintsits of iron-ore. 0|»eration8 of this kind .appear to have 
been in (irogress from a remote geological antiquity. Hence iionstoiies with traces of 
associated organic remains lielong to many different geological formations, and are 
being formeil still.-* Aa already remarked, not only iron but also alumina appears to 
b« abstracted from silicates by acidulous water and deposilvd as hydrate, as in the 
frequent association of limonite and bauxite deposits. ■ 

* G. U. Kldridge, op. ctf. 

• ^ A, M. Ferguson, Jour/i. Roy, Astat. vSoc., Ceylon Branch, vol. ix. (1885), No. 31, 
pp. 171-266. J. Walther. Z. D. O. O. xlL (1889), p. 859. M. Diersebe, K. K. Qed. 
/JeicAmiut, .xlvlil. (1898), p. 231. A. K. Coomira-Swanry, Q. J. G. S. Ivi. (1900), p. 609. 

** ’See Senfl’s work already (p. 1821 citeil, p. 168 : also posten. Book III, Part II. Sect. iii. 
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Bog Iroa-Ori (Lakc-o^e, miucni des martU. .Sumpf<*M)-~t dark broau to black, 
earthy, but eometimea compact mixture of hydrated peroxide of iron, phosphate of iron, 
and hydrated oxide of manftanesc, frequently with clay, sand, and orj^anic matU^r An 
ordinar}* specimen yielded jieroxule of iron. 62*59; oxide of niant^nese, S52; sand, 
11*37; phosphoric acid, 1*50: sulphuric acid, traces, water and oiftanic inatU'i, 
16*02 — 100 *00. B<ig iron-ore may eithei be fornuHl in sttn fioiu still water, oi may lie 
laid down by currents in lakes. Of the foimor mode ot formation, a fannliai illustration 
is furnished by the “ moor-band pan * oi hard ferruginous crust, wliuli in laiggy places 
and on some ill-drained land, foiins at the bottom of the .soil, on the top of a stiff and 
tolerably im|>€rvions suKsoil. Abundant bog- non or lako-oie is obtained fioiii the 
Iwttoras of some lakes in Norway and Sweden It loi ms even where on the shallower 
alojies near banks of reeds, wbeio there is no strong current of water, occurring in 
granular concretions (Bohiieiv) that vary from the size of grams of coarse giin|Hiwd«r up 
to nodules 6 inches in dianictcr, and forming la}ei-s 10 to *200 yuids long, 5 to 16 )ard.s 
hioail, and 8 to 30 inche.s thick. These (le|a).sil,>, ate woiked dining wintei by insetting 
jiciforated iron shovels thi-ough holes cut in the ice ; and ho rapnlly do they necnmulatc, 
tliat iuHtanoes nre known where, aftei having la?eii completely removed, the ore at the 
eml of twenty-six years was found to have gathered again to a thiekness of several 
inches. A layer of Ioo.se eaiihy oehie 10 f<ct tlmk is Ulieved to have forimsl m 000 
years on the Hoor of the Uke Tisken ntnr the old cop(KT mine <•! Kabiti m Sxveden,’ 
According to Khrenltoig, the folmation of Iwig (.rc is due mit merely to the chemical 
actions arising from the decay of organic maftei but to .i |»owei |M).>.ses.stsl by diatoms of 
separating iron fiorn watei and depositing it as hydioiis p.i<.\id- within then siliceous 
framewoik. 

Aluminous Ysllow Iron-Or® is clo.seh lelatul to the (ongoing It is .i mixtuie 
of yellow or i»ale hrown, hydrated j»ero\itle of non with elay and sand Hoinetime.s 
with silicate of iron, h\drnted oxide of manganese, and eaihonateof lime, and rxeurs 
in dull, usually pulverulent grains .md nodiihs Ocensionallx tiicse nodules may 
bo observed to consist of a shell of hanlei material, within which the yellow oxide 
V^conioa progressively suftei lowunls the cenlie, who h is sometimes <,uite empty. Such 
coiicrtitioms are known as ;Ktites oi Eagle-stones This or. oe. 
of Saxony and Silesia, aUo m the llai/, Haden. Kn.m.i A.\. 
and among the Jiiirts«j( km ks m Kngland 

Clay Ironstone has Ueri aliea.h ip lUf) let. ind to li 
fX'Curs abundantly m nodules and b.'.i*' in fh< baib.mifeious 
system in most [«vits of Eiirojic. '1 he iioduh s i.S|th.i rosideiii.’) 
are generally oval and llattened in form, vaiiing m size fiom 
d small heari Ul. to coiuietions ii f.»ol or mol. in diaiiL'ler. and 
with an internal system ot ladwtmg ciaeks, olten filhsl with 
calcite (Fig. 25i. In many eases. th.*y contain iii thcienti. 
aome organic sub-stance. such as a copiolit.-, f. iii. e«.ne. slirdl. 
or fish that hs.s seivcl as a siirfaee lonn.l whnh the iron in the watei and in Uic 
aurrouiiding mud could 1«- prccipitat.-d. Seams of . lay-ironMone vary in tliicknehH 
from mere paper-like i«i tings up to U<h several fe.t deep. The Clevoland searii in 
the middle Lias of Yorkshire is about 20 feet thick In the Curbonifeious f.vHteTi. of 
Scotland certain seanm known as Bhekhund contain fiom 10 to 52 iH>r < cut of waly 
matter, an*l admit of lieing calcined with the addition of little oi no fuel. They 
are aoin^thnes crowde.l with organic reriminK, .spieially laniellihrmnehs {Anlh,monu>, 
Anthracomya, &c,) and fiKliea {Bhizodtli, Mfyrdickthm, Ac.;. 

A microscopic examination of some ironstones reveals a vciy {aifect oolitic stn ioture, 


, 111 the ( 'ojil nieasiires 
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‘ A. F. Thorel.l, ('fU. Fiiren. F<irhnnd. ,Sf'>rkhof»'. m. p 2^*. A. W. Cronqnist, op. cU. 

T. p. i02 ; H. Sjogren. oj>. < d. xiii. p. 37 b See Hook III Part II. Sect. ii. ^ 4. and 
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ohowing that the irou has cither re][»laced ad original calcareous oolite or lias been 
precipitated in water having such a gentle movement as to keep the granules quietly 
rolling along, while their successive concentric layers of carbonate were being deposited 
(Eiseuoolith, Eisenrogenstein). Mr. Sorby has observed in the Cleveland ironstones 
an abjiormal form of oolitic structure, and remarks that one specimen bore evidence 
that the iron, mostly in the form of small crystals of the carbonate, bad been introduced 
subsequently to the formation of the rock, a« it had replaced some of the aragonite of 
the enclosed shells.* 

The subjoined analyses show the comjiosition of some varieties of clay-ii-onstones.® 



riay iron-or** 

Yi)rkshire. 

Black Ban<l 
(f'arbcjnifmxjs), 
Scotland. 

Cleveland oie 
(I.iaa), 
Yi>rk.shlre. 

Protoxide of manganese . 

1-45 

2-72 

2-86 

Protoxide of iron . 

36-14 

40-77 

43-02 

Peroxide of iron 

1-38 


0-40 

Alumina 

6-74 


5-87 

Lime 

•270 

0-90 

.VI 4 (zinc) 

Magnesia .... 

2-17 

0-72 

.V21 

Potash .... 

0 65 



Silica 

17-87 

1010 

7-i7 

Carbonic acid 

-26-57 

26-41 j 

■25-50 

Phos[>horic acid 

0-34 


1-81 

Sulphuric acid 

trace 



Iron pyrites .... 

0-10 



Water .... 

1-77 

1-0 

3-48 

Organic matter 

2-40 

17-38 

0-15 


R9 7S 

100-00 

100-61 

Percentage of iron . 

29 1-2 

34 60 

16 


H. Crysiallink, iNci.rniNu Uocks formed from Chemical Precipiiaiion. 

This division consists mainly of chemical deposits, but includes also 
some which, originally formed of organic calcareous debris, have acquired 
a crystalline structure. The rocks included in it occur as laminae and 
beds, usually intercalated among clastic formations, such as sandstone 
and shale. Sometimes they attain a thickness of many thousand feet, 
with hardly any interstratification of mechanically derived sediment. 
They are being formed abundantly at the present time by mineral springs 
and on the floor of inland seas ; while on the bottom of lakes and of the 
main ocean, calcareous organic accumulations are in progress, which will 
doubtless eventually acquire a thoroughly crystalline stnicture like that 
of many limestones. 

loe.— So large an area of the earth's .surface is Govern'd with ice, that this sub- 
stance dc.serves notice among geological formations. Ice is commonly and co^ivenienfly 
classified in two divisions, snow -ice and water-ice, acooitling as it results from the 
compression and alternate melting and freezing of fallen snow, or from the freezing of 
the surface or bottom of sheets of water (.see Book III. Part II, Sect ii. § 5). 

• Address to Geol. Soc., February 1^79. 

^ See Percy’s ‘ Metallurgy,' vol. ii. Bischof, ‘Cbem. und Phys. Geol.' sopp.’ (1871), 
p. 65. 
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Snow- ice is of two kinds. Ist, Fallen snow' on mountain sloins al>ove the snovi- 
line gradually assumes a granular structure. The little crystalline needles and stars of 
ice* arc melted and frozen into rounded granules which form a more oi less comnaot 
mass known in Switzerland as NM or Firn. 2nd, When the giaimlar ntvc slowly 
slides down into the valleys, it acquires a inoit" comnaet crystalline slriictiire and 
becomes glaciei ■ic/'. According to the reseaix'hes of F. Klocke, glacier ice is, thioughont 
its mass, an irregular aggregate of distinct crystalline grams, the bomniaries of which 
fonn the minute caidllary fissuiva so often described.- Its stiiutnre thus closely lorie 
8]>omls to that of marble (j). 192). Glacier-ice m small fiaginents i.s white or coionilcss, 
and often .shows innumerable tine bubbles of aii, somet mu s also fine [isi tides of mud. 
In larger masses, it has a blue or green-blue tint, and displays a xnncd structure, 
consisting of parallel vertical veinings of whito ice full of au-bublile.s. tind of blue 
clear ice without an -bubbles. Snow iic is formed above the snow -hue, hut tuu\ dcaccnd 
in glaciers far below it. It covers large areas ol the moie lofty iiiountuins of tJie 
globe, even in tropical legimis. Towaids the |K)le.s it desceiuLs to the sea. wheie 
largo pieces break off and float away as loeheigs 

Water-ice is foimed, Ist, by the fiee/ing of the suifH(e of fic"!! waiei divei-ice, 
lake-ice), or of the sea (ice-foot, floe ice, jmck ice) . this is « (ompuet, clear, while oi 
greenish ice. 2nd, by the freezing of the lavei «»1 water lung on the Iwttom of nveis, 
or the sea (bottom-ice, grouiul-iee, anchor icc , tins \ariet\ i." nioie spongy, and often 
encloses mud, .sand ami stones.-' 

Rock-Salt (Sol geinrne, Steinsalz, p ]U>) oeciirs in la\er.s oi beds from less tlmn uii 
inch to many hundred feet in thickness. The salt depo.sits ut St.issfuit, for i‘xaiii|>le, 
are 1197 feet thick, of which tlie lowest beds compiise t)Sr> feel of puie uuk-Milt. with 
thin layci-s of anhydrite J-inoh thick dividing the salt at inteiv.d.s of fioni one to 
eight inches. Still more massive aie the aicuiimlutions of .SjH-ieiiltcrg mar Heihti, 
which have been bored to a depth of 4200 feet, and those of ^\ iduzka tii (ia)li< iii, whn h 
are here and there more than 4000 feet thick 

Tiiu more insoluble salts (notably gypsum «»i aiihydiitei ate apt to np|H‘itt in the 
lower parts of a saliferous series. When puiest, iwk salt is deal and colotiileKs, hut 
usually 18 coloured red ([leroxide of non), sometimes green (i him- (( blonde oi silicate 
of copper). It varies in structure, biuiig sometimes beautifully ciystalline and giving 
a cubical cleavage ; laminated, granular, oi less fiequeiitly tibious. It usually contains 
some admixture of day, sand, anhydrite, bitumen, . and is often mixed with 
chlorides of magnesium, calcium. Ac, In some places it is full of vesicles (not 
infrequently of cubic form) containing aaline wntn . oi it alKunids with minute envities 
filled with hydrogen, oitiogeii, carlwu - ilio\ide oi with some hydroi-aibon gas. 
Occasionally remaiiia of minute forms of vegetable uml iinimal life, bituminous wood, 
corals, shells, crustaceans, and fish teeth are met with lu it Owing to its ready solu- 
bility, it is not found at the surface in most dinmtes It hss Isen foimed by the 
evajiHiration of ver}’ saline watei in enclosed basins a piooass g^'ing on now in iiiuiiy 

* The student interested in the various trjstallogtaphK forms »f snow-flakes will timt 
a fine series of illustration.? from photographs takui b\ N<»r<lenskj<-I<l, and jmblished in 
different scientific journals in 1893, tor. /mot// , Slot kholm, x\. j»p. US-l.'iS; 
Bull. Soc. Min France, xvi. p. 59 ; Xuture, xlvni. p 592 Anothei series of gcKxl repro- 
auctions fiym photographs aaer nature, taken by W A. Henlley, i» given m Nature, Ixv. 
(1902), u 284. 

*■* NeueaJahrb. i. (1881), p. 23, Stf also Mr. MlJonnel, /brsr. Hoy. Sor. xlviii. (1890), 
p. 259 ; xlix. (1891). p. 328. Grad and Dnpn {Ann. Club Mj>. Franc. 1874) show how 
the characteristic structure of glacier- ice may be revealed by allowing coloured aolutioua 
to permeate it. 

» On the projicrties of ice, with some iuUresting geological Iwanngs. see 0. Petterssou, 
‘Vega-Expeditioueus Vetenskapliga lakttageUer.' n. p. 249, Htockholm. 1883. 
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mU- lakes (Great Salt Lake of Utah, Dead Sea), and on the surface of some deaerta 
(Kirgis Steppe). In diflerent parts of the world, deposits of salt have probably alvaji 
been in progress from very early geological times. Saliferous formations of Tertiary 
and Secondary age are abundant in Europe, while in America they occur even in rocks 
as old ns the Upper Silurian period, and among the Pui^ab Hills in still more ancient 
strata.^ (Book III. Part II. Sect. ii. $ 4.) 

In the dejKrsits where rock-salt occurs other soluble salts may be met with in 
smaller quantity, which have likewise been derived from the eva\)oration of saline 
waters. Among these is Catnallite (p. 108) — a cbloride of \>otassium and magnesium 
OLCV MgCl., water w\ik\v attains a great development in the salt 
mines of Stassfurt, where it forms a bed ‘20 to 30 nietres thick, overlying the rock-salt 
It has been found in other old salt deposits as well as among the “salterns’' or 
“salines” along the Mediterranean coast, where the water of that inland sea is 
evaporated in the manufacture of salt It so closely resembles rock-salt that it was 
formerly included with it tt is a valuable source for the manufacture of potash-ialts. 
Kieserite— magnesium-sulphate (MgSO, 86-96, H^O 13-04) forms at Staaslurt alter- 
nating layers with rock-salt from an inch to a foot in thickness. Kainite— liydroua 
magnesium sulphate and potassium chloride (magnesium, 16-1; potassium, 16-7; 
chlorine, 14-3; sulfihuric acid, 32 2 ; water, 21-7), occurs in yellowish or pale grey 
aggregates, sometimes of considerable thickness, and is distinguished from some of its 
associated salts by not deliquescing readily in the air. Sylvine -potassium-chloride 
(K 62-46, Cl 47 ’54), found crystallised in Kieserite. 

Natural Soda.— From the drying up of alkaline lakes in different parts of the 
world extensive deposiU of various nlkalitio salts haVe been formed, some of which 
have become of great economic value. “Natural soda” consists of a mixture of 
sodium carbonate and bicarbonate in varying proportions, with some impurities which 
are mainly chloride aud sulphate of sodium. It is found iq Hungary, Egypt, Armenia, 
and in various parts of North and South America. Urao is the name given to the 
natural carbonate of aoda found in Venezuela (Na,0 41*22, COj 39*00, HjO 18-80, im- 
puritici 0-98, toUl 100*00). The term Trona is applied to a native sesquicarbonate 
of lodium which contains a little sulphate of smlium. (Book III. Part II. Sect. ii. § 4.) 

Cryolite.— A double fluoride of sodium and aluminium (Na 32*79, A1 12*85, FI 54 36) 
occurs in considerable mass at Ivigtut, Arkiitsfjord, in Greenland, where it apiieara as 
a large included aggiegation in the granite, associated with quartz, galena, zinc-blende, 
pyrite and other minerals. 

Limeitone.— The general characters of this rock have already (p. 176) been enumer- 
ated in connection with those examples of it which have been formed by the aggregation 
of the remains of plants or animals. Wo have now to deal with limestones which 
have had a distinctly chemical origin, aud aKso those which, though doubtless, in many 
cases, originally formed of organic debris, have lost their fragnienUl and have assumed 
instead a crystalline structure. From waters highly charged with carbonate of lime 
in solution precipitates of this substance form sheets of limestone. This process may 
take place in the sea, especially in shallow parts liable to concentration and evaporation. 
It occurs also in fresh waters, more particularly along the course of calcareous springs 
and streams. Such precipitates may at first be soft, white, and chalk-like, but eventu- 
ally they harden, and may acquire a ciyatalline and even marble-like texture. 

Compact, common Limestone — a fine-grained crystalline-granular* aggregate, 
occurring in be«l8 or larointe interstratified witli o*her squeous deposits. When purest it 
ia readily soluble in acid with effervescence, leaving little or no residue. Many varieties 
occur, to some of which separate names are given. Hydraulic linuUoM conUins 10 per 
cent or more of silica (and usually alumina), and, when burnt and subsequently mixed 

^ On salt deposlUof various ages, see A. C. Ramsay, Hrit. Assoc. Rep. 1880, p. 10 ; also 
Index, tub voc, “Salt Deposits,” 
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with wtter, forms a cement or mortar which has the property of “setting" or hard- 
ening under water. Limustoiiea containing perhaps as much as 25 ])er cent of silica, 
alumina, iron, kc., that in themselves would be unsuitable for many of the ordinary 
purposes fur whicli limcHtonea are used, can b« cmploye«l for making hydraulic moitar. 
These limestones occur in beds like those in the Lia-s of Lyme Kegis, or in nodules like 
those of Sheppey, fiom wliich Koraan cement is made. Caarntstonc is the name given 
to many pale dull ferruginous limestones, which contain an admi.\ture of clay, and 
soDte of which can be proliUbly used for making hydraulic mortar or cement. Fetid 
limestone {stinkstin, sunnestouf) gives off a fetid smell when stiuok with a hammer. 
In some cases, the rock seems to have been de\»09ited hy volcanic springs contain- 
ing decomposable sulphides a^ well as lime. In otliei instances, (he odour way be 
connected with the decomposition of imbedded oiyanic mat(<r. In some (fiiarrieg 
in the Carboniferous Limestone of Ireland, as mentioned hy .hikes, the fiehhI)-lirukeH 
rock may lie smelt at a distance of a hundred yards when the men are ul uoik, and 
occasionally the stench becomes so strong that the workmen are sukcneil by it, and 
require to leave off work for a time. Corostone h .in aieiiaceoiis or mIim'ous lime- 
stone particularly characteristic of some of the Talii o/oic Red .Sainlstone foi mat ions. 
JtotleHstuiu is a decomposed siliceous limestone from whn li most oi ail of the lime has 
been removed, leaving a siliceous skeleton of the roek. A similat lifcompoMlmn takes 
place in some ferruginous limestones, with the lesiilt of leamig a yellow skeleton of 
‘ochre. Common limestone, having been de|M)Mted in water usually containing other 
substances in suspension or solution, is almost always mixed with impmities, and 
where the mixture is sufficiently distinct it loceives a spei lal name, such as siliceous 
limestone, sandy limestone, argillaceous limestone, hitnminous limestone, dolomitic 
limestone. 

Travertine (calcareous tufa, calc-sintcr) is the jwrous mateMal dcpitsitcd hy cal- 
careous springs, usually white or yellowish, varying in texluie from a soft chalk-like or 
marly substance to a compact huilding-stone. (Sec jmtfn, pp. I7f>, 60f>, dll, 618.) 
Sialactite is the name given to tlie calcareous lundaiit depo.sit lorimd on the roofs of 
limestone -caverns, vaults, bridges, &c. , while the water, from which the hanging 
lime-icicles are derived, drips to the floor, and on further cvafwtialion there gives nso 
to the crust-like deposit known as stulmjmiie, Mr. Sothy has shown that in the 
calcareous deposits ftom fresii water there is a constant tendency towards the jiroduc- 
tion of calcite crystals with the pnncij)al axis per|h;nduului to the surface of dc|K)Sit. 
Where tliat surface is curved, there is a radiation or convergence of the film*- like 
crystals, well seen in sections of stalactites and of som** calcareous tufas (Kig. 109), 

A variety of travertine formed both in caves and in the ojmjii air as a dejiosit from 
water, and distinguished hy its laminated or clouded gieeii, red, and brown colours, 
has long been used as an ornamental stone. It was obtaimxi in ancient tiinea from 
Algeria and Egypt, often in large and lioautiful monoliths. It is known as oriental 
alabaster or onyx marble, and is found at Lake Oroomiah ui Persia, in various parts of 
lUly and France, in large deiwsits in Arizona, California, Virginia, Colorado, UUh, 
aud other parts of the United SUtes, and in beautiful varieties in Mexico.* 

Oolite — a limestone formed wholly or in part of more oi less jierfeetly spherical 
grains, and having somewhat the asiiect of fish -rue. gram consists of auecessive 

concentric shells of carbonate of lime, frequently with an internal radiating fibrous 
structure, which gives a black cross between crowed Nicola (Fig. 26). The calcareous 
material wA deposited round some minu^ paiticle of sand or other foreign Ixidy which 
vas kept in motion, so that all sides could in turn become encrusted. It is now known 
that minute algse play an important part in some of these depositions, the caibonate 
being abstracted and precipitated round their filaments. Oolitic grains are now forming 
in this way at the springs of Carlsbad (Spruddsteink They may also lie prwluoed 

^ P. Merrill, "The Onyx Marble*," Rep. U. Fot. Mutevm, Wa>hiiigtoij, 1895. 
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wliero gentle currents in lakes, or in partially enclosed areas of the sea, keep grains of 
land or fragments of shells drifting along in water, which is so charged with lime as to 
be ready to deposit it upon any suitable surface. An oolitic limestone may contain 
much impurity. AVhere the calcareous granules are cemented in a somewhat argillace- 
ous matrix the rock is known in Germany as Rogeustein. Where the individual grains 
of an oolitic limestone arc* as large as pea.s, the rock is called a pisolite (pea-grit). 
The grannies sometimes consist of aragonite. Oolitic structure is found in limestones 
of all ages, from Talieoxoic down to recent times.* Mr. E, Wethered has observed that 
many oolitic grains in the Pak'ozoic and Jurassic limestones of England show curious 
vermiform twistings in their outer concentric coats, which he regards as of organic 
origin, cither plant or animal {Girimulla),- They appear to play the part of the 
algie in the Sinudelstein and Tivoli travertine. In some instances oolites have had ♦ 
their calcareous matter replaced by carbonate or oxide of iron, so as to become oolitic 
ironstones. 

Marble (gianular limestone) — a crystalline - granular aggregate composed of 
crystalline calcitc-granule.s of remarkably uniform size, each of which has its own 
independent twin lainelln; (often giving interference colours) and cleavage lines. This 
characteristic structure is well displayed when u thin slice of ordinary statuary marble 




t’lK. an. -MlciHmeoi,U,Mtr«elureof0..1il.o Lii.i.- t'.j;. (Muccliaioi.l) .Stiiictuie ..f 

stone, Bftei .Sorby. (MagnKleU 30 Dmnielers.) Ststnarx Maible. (MaK'-ilUxI 50 Dia.noteiv^.) 

U placed under the niicrosco{)6 (Fig. 27). Typical marble is white, but the rock is also 
yellow, grey, blue, green, red, black, or stieaked and mottled, as may he seen in the 
numerous kinds used for ornamental pur))ose8. Its granular structure gives it a resem- 
blanoe to loaf-sugar, whence the term “ stcchaioid ” applied to it. Fine silvery scales 
of mica or talc may often be noticed even in the purest marble {VijtoUmo, p. 2:»1). Some 
crystalline limestones associated with gneiss and schist are peculiarly rich in minerals 
mica, gainet, tremolite, actinolite, anthophyllite, zoisite, vesuvianite, pyroxenes, and 
many other species occurring there often in great abundance. These inclusions can be 
isolated by dissolving the surrounding rock in acid (onk, p. 117). 

Marble is a raetamorphic rock, that is, one in which the calcium-carbonate, whether 
derived from an organic or inorganic source, has been entirely recrystallbed in sitv. 

‘ Oolitic structure occurs even among the lime^oues of the Dalradiaii metamorphic series 
of Scotland (Islay), which may possibly be pre-Palieozoic. 

Gtol. Mag. 1889, p. 196 ; Q. J. Q. S. xlvi. (1890), p, 270 ; li. (1895), p. 196. Mr. 
C. Reid has suggested that the tubular boiUea, called Oitrantlla. may be due to the deposit 
of lime round organic filaments (.t/jjw), like the calcareous incrustation formed round fibres 
of hemp in kettles and boilers. 
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In the course of this chtnge the original olay» sand or other impurities of the rock 
have been also crystallised, and now appear as the crystalline silicates just referred 
to. Marble occurs in beds and large lenticular masses associated with crystalline 
schists on many different geological horizons. It is met with aleo as the result of the 
alteration of liineatones by contact with masses of eruptive rock. In Canada it occurs 
of Laurentiau ; in Scotland of Cambrian ; in Utah of Upi>erCarl>oiu tennis ; in Southern 
Europe of Tiiassic, Jurassic, and Cretaceous age.* 

Dolomite (Magnesian Limestone) consists typically of a yellow or white, cryatalline, 
massive aggregate of the mineral dolomite ; but the relative projiortions of the calcium' 
and magnesium-carbonates vary indetinitely, so that every gradation can be found, from 
pure limestone ivithout magnesium-carbonate up to pure dolomite containing per 
cent of that carbonate. Ferrous carbonate is also of common occurrence in this rock. 
The texture of dolomite is usually distinctly crystalline, the individual ciystals bang 
occasionally so loosely held together that the rock readily crumblea into a crystalline 
sand. A fissured caveinoua structure ap{>arently due to a process of contraction during 
the process of dolomitisniion " (p. >126), is of coiimioii occurrence; even in compact 
varieties, cellular spaces occur, lined with crystallised dolomite ( Rauch wacke), the 
crystals of which are often hollow and sometimes enclose a kernel of calcite. Other 
varieties are built up of spherical, hotryoidal and irregularly-shajied concretionary 
masses. Dolomite, in its more typical forms, is distinguishable from limestone by its 
greater hardness (3 "5 4 ’5) higher specific gravity (2'8 2'95), and much less easy solubility 
in acid. It occurs sometimes in beds of original deposit, associated with gypsum, rock- 
salt and other results of the evaporation of saturated saline waters ; it is also found 
replacing what was once ordinary limestone. The prouesa by which carbonate of lime 
is replaced by carbonate of magnesia, is referred to in Book III, Part. I. Sect. iv. § 2.* 
Dolomite sometimes forms picturesque mountain masses, as in the Dolomite Mountains 
of the Eastern Aliw. 

Qypsum — a tine-granular to compact, sometimes tihrous oi sfiarry aggregate of the 
mineral gypsum, having a haidness of only 1 *5 2 (therefore scratched with the nail), and 
a specific gravity of about 2 '32 ; unaffected by acids and hence readily distinguish- 
able from limestone, which it occasionally lesembles. It is normally white, but may be 
coloured grey or brown by an a<lniixture of clay or bitumen, or yellow and red by being 
stained with iron-oxide. It occurs in beds, lenticular intercalations and strings, usually 
associated with beds of red clay, rock-salt, or anhydrite, in formations of many 
various geological [»eriod8 from Silurian (New York) down to recent times. The 
Triassic gy{) 3 urn (le|>osit.s of Thuringia, Haiiovei aud the Harz have long been famous. 
One of them runs along the south flank ot tiio Haiz Mountains as a great band six miles 
long and reaching a licight of sometimes 430 feet. The compact massive variety 
known as Alabaster has long been employed for ornamental puiqiGses, though its soft- 
ness limits its usefulness. It is also largely consumed for the manufacture of “ Plaster 
of Paris." 

Gyp.sum furnishes a goo<l illustration of the many different ways in which some 
mineral substances can originate. Thus it may be produced, Ist, as a ubemiotl 

' An miportaiit memoir on the marbles of Norway, by Professor J. U. L Vogt, will b€ 
found in A(nye8 Geol. Underaogelse, No. 22(lMt7). It discusses the geology, cbeiuwlry, 
mineralogy ^d structure of marble, together with its most important characters from an 
industrial ^point of view. See also his paper, ‘*l)er Marmor iu Heziig auf seme Qeologit, 
Structur und seine mecbauische EigenschJIteii," Xtittch. pract. Oeo/. 1888, pp. 4, 43. 

’ On the origin of Dolomite see Klement, Bull. Soc. Beige QM. it. (1896), pp. 

J. J. H. Teall, Oed. Mag. 1896, p. 329. See also the mamolr by Vogt cite«l above. 

• On the mineralogicsl nature of dolomite see 0. Meyer, Z. iK O. (•'. xxxi. p. 441 
Loretz, op. cU. xxx. p, 887 ; xxxi. p. 766. Renard, BuU. Aead. Roy. Brig, xlviL (1879 
No. 6, and the paper of Dr. Klement, cited in the previous note. 
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preoipiUte from solution in water, at when sea-water is evaporated ; 2nd, through the 
decomposition of sulpiiides and the action of the resultant sulphuric acid upon lime- 
stone ; 8rd, through the mutual decomposition of carbonate of lime and sulphates of iron, 
copper, magnesia, Ac. ; 4th, through the hydration of anhydrite ; 5th, through the 
action of the sulphurous vapours and solutions of volcanic orifices upon limestone and 
calcareous rocks.* It is in the first of these ways that the thick beds of gypsum associ- 
ated with rock-salt in many geological formations have been formed. The first mineral 
to appear in the evaporation of sea-water being gypsum, it has been precipitated on the 
floors of inland seas and saline lakes before the more soluble salts.^ 

Anhydrite, —the anhydrous variety of calcium-sulphate, occurs as a compact or 
granular, white, grey, bluish or reddish aggregate in saliferous de|K)sits. It is less 
frequent than gypsum, frotn which it is distinguished by its much greater hardness 
{3-3’6), and into which it readily passes by taking up 0*2626 of its weight of water.® It 
often occurs in thin seams or partings in rock-salt ; but it also forms large hill-like 
masses, of which the external parts have been converted into gypsum. 

Ironstone. — Under this general terra are included various iron-ores in which the 
peroxide, protoxide, carbonate, Ap., are mingled with clay and other impurities. They 
have generally been depo.sited as chemical precipitates on the bottoms of lakes, under 
marshy ground, or within fissures and cavities of rock.s. Home iron -ores are associated 
with schistose and massive rocks ; others are found witli sandstones, shales, limestones 
and coals ; while some occur in the form of mineral veins. Those which have resulted 
from the co-operation of organic agencies are described at pp. 186, 612, 628. 

Haematite (red iron-ore), a compact, fine-grained, earthy, or fibrous rock of a 
blood-red to brown-red colour, but where most crystalline, steel-grey and splendent, 
with a distinct cherry-red streak. Consists of anhydrous ferric oxide, hut usually is 
mixed with clay, sand or other ingredient, in such varying proportions as to pass, by 
insensible gradations, into ferruginous clays, sands, quartz or jasper. Occurs as beds, 
huge concretionary masses and veins traversing crystalline rocks ; sometimes, as in 
Westmoreland, filling up cavernous spaces in limestone. Is found occasionally in beds 
of an oolitic structure among stratified formations. As already stated (pp. 177, 187), 
probably most of the oolitic or pLsolitic ironstones have resulted from the conversion of 
original grains of calcite in ordinary oolites into carbonate of iron, which on oxidation 
has become magnetite haematite or linionite. 

Limouite (brown iron-ore), an earthy or ochreous, com|>act, fine-grained or fibrous 
rock, of an ochre-yellow to a dark-brown colour, distinguishable from hiematite by being 
hydrous and giving a yellow streak. Occurs in beds and veins, sometimes as 1he result 
of the oxidation of ferrous carbonate ; abundant on the floors of some lakes ; commonly 
found under marshy soil where it forms a hard brown crust u|x)n the impervious subsoil 
{hog-iron-ore). Found likewise in oolitic concretions sometimes as laige as walnuts, 
consisting of concentric layers of impure limouite with sand and clay {Bohnen). (See 
p. 187 and Book III, Part II. Sect. iii. § 3.) 

Spathic Iron-ore, a coarse or fine crystalline or dull compact aggregate of the 
mineral siderite or ferrous carbonate, u.sua]ly with carbonates of calcium, manganese and 
magnesium ; has a prevalent yellowish or brownish colour, and when fresh, its rhombo- 
hedral cleavage-faces show a pearly lustre, which soon disappears as the surface is 
oxidized into limonite or hsematite. Occurs in beds and veins, especially among older 
s 

* Roth. ‘Chem. Geol.’ i. p 563. ^ 

* For an elaborate account of the crystallisation of gypsum directly from the water of 
lagoons and os a secondary product from the reaction resulting from the decomposition of 
iron sulphide in rocks containing lime, see the memoir by Prof. liscroix, * Le Gypse d« 
Paris et les Min^raux qni raccompagneut,’ Nouv. Arck, Muatwn. Paris, 1897. 

* See 0. Rose on formation of this ro<*.k in presence of a solution of chloride of sodium, 
N«ne$ Jahrh, 1871, p. 932. Also Bisohof, *Chera. und Phys. Geol.* Soppl, (1871), p. 188. 
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geological fonuatioDS. The coloaaal Erzberg at Eiaenerz in Styria, which rises '2600 
feet above the valley, coiiaUta almost wholly of eidcrite, Iwlonging to the Silurian 
system.* 

Clay-ironstone (Sphjerosiderite), a dull brown or black, coin|mol form of sideiUe, 
with a variable mixture of clay, and usually also of organic mattei. Occurs in the 
Carboniferous and other formations, in the form cithei of nodulCs, whcie it has usually 
been de^iositod round some organic centre, or of Wds interstratihed uitli shales and 
coals. It is more pioiierly described at p. 187, with the organically dcnveil rocks. 

Magnetic irou-orc, a gianuUi to compact aggregate of magnetite, of a black colour 
Slid streak, more or less iierfect metallic lustre, and stiong magnetism. Commonly 
contains admixtuies of other minerals, notably of lueniatite, cliromc-iioii, titamc-iroii, 
pyrites, chlorite, quart/, hornblende, gainct, epidoto, felspar. Occurs in Ixids and 
Biiormous lenticular rna-sses (Sttn'ke) among crystalline schists , likewise in segregation- 
veins of gabliros and other eruptive rocks , also occasionally in an oolitic foini (prob- 
ably a.s a pseuilomorph after an oiigiiial calcareous oolite) anioiig I'alicoyoic locks, as in 
the so c.ilIed “ pisohtio iroii-orc ” of North Wales. Among the Scamliimvmn gin ikkcs 
lies the iron mountain of Oelhvara in Lulea-Lappniaik, 17,000 feet long, 8500 leet 
bioad, and ,525 feet high. 

Siliceous Sinter (Geyserite, Kieselsuitcr), the siliceous deposit inaile hy hot .spnngs, 
including varieties that are ciumbling and eaitliy, compact and Unity, linely laminated 
and slialy, sonictimes dull and opaque, sometimes translucent, with pearly or waxy 
lultre, and with chalcedonic alterations in the older |«nts. The deposit may occur as 
an incrustation round the oi dices of eiuption, ri.sing into dome-shaped, hotryoidal, 
coralloid, or c<iluninar elevations, or iiive,sting leaves and steins of plants, shells, 
insects, Ac , or hanging in (lendaut stalactite.s from caveivious spaces which aie fioin 
time to time reached by the hot watei. When purest, it is of snowy wliilenehh, hut is 
often tinted yellow or tlesli cohnii. It consists of hilica 81 to 5M pei cent, with smiill 
proportions of aluinui.i, leriic ovule, lime, iiiagiieMa and alkali, and fiom 5 to 8 per 
cent of water. (Hee Hook 111. I’ait 11 Sect. in. 8 8, p. 60b.) 

Flint and ('heit have been already descnbe<l among the rocks of utganic ongin 
(pp. 179, 180). Hornatone, an evcesKively «‘oiiipact siliceous lock, usually of some dull 
(laik tint, occurs in nodular niasses oi inegular bands and veins. Tli« name lia.s some- 
times been applied to hue flinty foiiiis of felsite Vein Quartz may be alluded to here as 
a sulistance which snnietuiies occuis in laige masses. It is a massive fotm of (piart/ 
found tilling veiins (sometimes many yaids bio.ul) in crystalline and clastic rocks , more 
c.specially in metamorpliic aieus (See Quait/ite, ]). 219.) 

II. Eruitive— Ignkous — Massive — Unstkatieied. 

Almost all the members of this iyijioitant snhdivision have been 
produced from within tlie crust of the earth, in a molten comlition. The 
circumstances under which they have come to occupy their present 
positions will be discussed in later parts of this work. Wo are heie 
concerned with their ciiaracters as masses of mineral matter. (Ircat 
divergence of opinion still exists as to the best system of classification to 
be followed in regard to them. As Mr. I’eall has jiointed out, they 
possess* seven groups of characters which may be used as ha.'^es fur 
schemes of arrangement. 1st, Chemical composition ; 2nd, mineralogical 
composition ; 3rd, texture ; 4tlS, iinxle of occurrence in the field, as 
in their, relation to surrounding rocks, structui'al features, Ac. ; 5th, 
origin; 6th, geological age (distribution in time); 7th, hxmlity (dis- 

' Zirkd, 'I^ehrb.' iii. p, 5S1. 
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tribution in space). ^ In any system of classification it must obviously 
be desirable to found it upon characters that are easily ascertained and 
about which, when so ascertained, there can be no room for dispute. 
Tried by this standard some of the seven groups of characters here 
enumerated must clearly be set aside as insufficient of themselves to form 
the basis of a satisfactory arrangement, though they may be made useful 
in 8ul>ordinate grouping. Thus the Distribution of Rocks in Space is 
manifestly inadequate for the purpose, for though there are petrographical 
provinces, each presenting a more or less distinct assemblage of rocks 
with certain characteristic relations between them, the rocks are in many 
cases not to be distinguished by any essential feature from similar rocks 
in other provinces. Nor is the question of Origin more available in 
dealing with the igneous rocks as a whole, being too vague in itself and 
our knowledge of the subject being often exceedingly limited. 

A much better foundation for a scheme of classification is afforded 
by Texture, or the' internal structure of rocks. Microscopic research 
having revealed the existence of three leading types of micro-structure — 
Granular, Porphyiiiic and Glassy, or HolocrystalUne, Hernicryslnlline and 
Vitreous, a threefold grouping of the igneous rocks has accordingly been 
made on this basis. Again, MM. Fouque and Michel-L^vy, pointing out 
that most eruptive rocks are the result of sticcessivo stages of crystallisa- 
tion, each recognisable by its own characters, show that two phases of con- 
solidation are specially to be observed, the first (porphyritic) marked by 
the formation of large crystals (phenocrysts), which were often broken and 
corroded by mechanical and chemical action within the still unsolidlfied 
magma ; the second by the formation of smaller crystals, crystallites, 
&c., which are moulded round the older series. In some rocks the 
former, in others the latter of these two phases is alone present. 

Two leading ty))e 8 of structure are recognised liy these authors among the Acid 
eruptive rocks. 1 . Granitoid (T), where the constituents are of two epochs of con- 
solidation, similar in character, and where neither amorphous magma nor crystallites 
are to be seen. This structure includes three varieties: (a) the Granitic, having crystals 
of approximately equal size, and where the ({uartz is moulded round the other con- 
stituents ; (^) OiunulUic, where the quartz tends to assume partially its crystallographic 
forms ; ( 7 ) Fegimtoui, where there has been a simultaneous crystallisation of the ([Uaitz 
and felspar in graphic form. 2. Porphyric (11), where two epochs of consolidation are 
recognisable in distinct products, the second being 6 ner than the first. Five varieties 
are distinguished ; (a) Microgranitic (as under P) ; (/i) Mierogrnnulitic ; ( 7 ) Micro- 
jfcginatoid ; (0) Globular, with radial spherulites impregnated with quartz oriented in 
one optical direction, the base being often composed of irregular grains of quartz and 
felspar ; (»•) Fetrosiliccons ; hemi crystalline to vitreous, with lines of spherulites. The 
Basic eruptive rocks likewise display the same two structure-types, but with a difference. 
Thus ; 1 . Granitoid (P), having an entirely crystalline structure, which may be either 
(3) Granular, where a fels}>ar is moulded rmind the other elements wttich have 
crystallised in every direction ; or (w) Ophitic, where a bisilicate (pyroxene, amphibole) 
serves as a cement to the crystals of fe)s|)ar or other constituents. 2. Trachy toid (II), 
which may be entirely crystallised, as {9) Granular (as under P), or («) Ophitic, or may 
range from crystalline, through heini-crystalliiie to vitreous, and is then distinguished 


* ‘ British Petrography,’ p. 84. 



410 T. vii 


ERUPTIVM MOCKS 


107 


u (m) JUiavlitie, where raicrolites liAve been developed, dsually more or less linearly 
gronped u in flow-structure, with perlitic and variolitic vaneties.' 

Strong arguments have been adduced in favour of making the mode 
of occurrence of rocks in the field the main foundation of a chvssificatioii 
of igneous rocks. If the wide range .of diversity in composition and 
texture among those mineral masses were neglected such a geological 
arrangement might serve sufiUciently the purposes of the field -geologist, 
though even he in a denuded region cannot always bo sure of the real 
structure and mode of occiurence of some rocks which may have con- 
solidated beneath as sills, or may have reached tlie surface as lavas. 
Some petrographers, however, recognising the right of the geologist to 
insist that in any system of arrangement the geological behaviour of the 
rocks shall be considered, have advocated the adoption of a geologiail 
grouping as the leading feature of their scheme. The most notewoi thy 
effort of this kind has been made by Professor Rosenbiisch, who, somewhat 
enlarging the time-honoured arrangement into plutonic and volcanic, 
groups the igneous rocks in three great sections : Ist, the deep-seated 
rocks (Tiefen-gesteine), which have consolidated as plutonic or intrusive 
masses far below the surface, and are distinguished by a hypidiomorphic 
granular structure ; ' 2 nd, dyke-rocks (Oang-gesteine), which may have been 
injected as dykes and veins at a less distance from the surface (hypabyssal), 
though some portions of them may come above ground in volcanic 
eruptions — they are marked by a panidiomorphic or porphyritic structure 
and 3 rd, the effusive or volcanic rocks (Ergussgesteine), which liavo 
escaped to the surface and have there solidified — they j)088e88 a por 
phyritic structure. E^ich of these three great divisions is further separated 
into families, according to mineralogical composition, l)eginning with acid 
types and ending with the most basic. The distinguished Heidc]l>erg 
professor, in thus endeavouring to reconcile the conflicting claims of the 
field-geologist and the mineralogical petrologist, deserves the thanks of 
both. But his scheme, though it looks logical and well considered, fails 
to satisfy the requirements of either school. The idea of arranging 
eruptive rocks in accordance with the condition under which they ha\ e 
solidified has of course been familiar to geologists for several generations. 
Deep-seated intrusions, with their apophyses and dykes have been 
recognised as generally, though not invariably, possessing charactcTs 
different from those of lavas that have been poured out at the surface. 
But these characters, though well adapted for use among the several sub- 
divisions of the classification, are insufficient in themselves \ a ) afford a 
starting-point for the whole scheme. We must rememl)er that the 
masses of material which have reached the surface are the upward pro* 
longa^ons of masses that solidified below it, that they represent different 

' Fouqu4 aud Miohel-Lt^vy, ‘ Mnu-ralogie Micrognphique,' p. I!t0 ; and Micbel-L«'vy, 
‘Htructure et Classification des Koches lUruptlve*,’ 1889, pp. 29, 37. The last-iiaine»l 
author has deviseil au ingenious system of notation, whereby the structure and composition 
of igneous rocks can be briefly described in definite symbols. The notation for Stnicture is 
by means of Greek letters (capital and small), asshoMii almve. The syml^Is for Composition 
are given on p. 200. 
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portions of what was one continuous body, that we cannot always be 
sure whether whut is npw at the surface appeared there at first or has 
only been laid bare by denudation, and that we are still very ignorant 
of the conditions under which at different depths the molten magma 
would consolidate and of the corresponding textures which it would 
assume. Jt has boon objected to Professor Rosenbusch’s scheme that 
each division is made to include rocks which likewise come into the 
others, and to exclude rocks w'hich it might properly comprise. Thus 
his division of the deop-seated rocks comprehends the granites, yet 
some granite.s have been demonstrated to be by no means deep-seated, 
but to have solidified not far below the surface, while other members of 
the division have risen in dykes and have actually consolidated above the 
surface. Again his dyke-rocks have not all been found in dykes, nor do 
they include all the rocks that have been so found, flis effusive rocks 
in like manner are made to comprise rocks which have certainly con- 
solidated at great depths, as well as many others which occur in veins 
and dykes. Useful therefore as the arrangement may be as a convenient 
grouping in discu.ssing the tectonic structure of a region, it is insufficient 
alike for the petrographer and the geologist, who require a more precise 
and easily applied scheme which shall not involve hypothetical assump- 
tion nor contradict experience in the field. 

The geological age of igneous rocks has by othei' petrographers been 
used as a general ground of classification. Long before petrography had 
reached its modern development, and when the intimate mineralogical 
composition of rocks was njost imperfectly known, the \\’(!rncrian doctrine 
still survived that there had been a progressive change* in the characters 
of crystalline rocks during the course of geological time. It wa.s a 
favourite belief that those igneous masses which were erupted prior to 
the Secondary periexls differed njaten'ally from those that appeared 
after them in Tertiary and recent time. The one series was classed as 
“older” and the other as “younger.” The idea still to some extent 
survives in Professor Zirkel’s classification and in that of Professor Rosen- 
busch, wherein the older or palaeo-volcanic arc .separated from the younger 
or neo-volcanic effusive rocks. It has been elaborated in great detail by M. 
Michel -Levy, who maintains that the same volcanic ty{)es have been 
reproduced nearly in the same order in the two series, tliough basic rocks, 
often with vitreous characters, rather predominate in the later.^ It must, 
indeed, bo admitted that certain broad distinctions between the older and 
the later eruptive rocks have been well ascertained, and appear to hold 
generally over the world. Among these distinctions may be mentioned 
as more characteristic of the Palwozoic rocks the presence of microcline, 
turbid orthoclase in Carlsbad twins, muscovite, enstatite, bronzite,' diallage, 

*• 

’ Se« J. 1). Dauji, Amr. J. Sci. ivi. (1878), p. 386. Michel-Lt'vy, JM/. *'y>c. f»AV. Fmnce, 
8nl ser. iii. (1874), p. 199 ; \i p. 173 ; .^««. tffs JAwe#, viii. (1875) ; 'Structures et Clawi- 
flettion (le» Hoches flruptives,’ 1889 ; “Classification dc.s magmas des Roches Eniptives,” B. 

S, (J. F. XXV. (1897), pp. 326-377. Fouque ami Michel-Levy, ‘ Mineralogie Microgr.’ p. 
150 . Reyer, ‘ Phynik der Eruptionen,’ 1877, Part iii. opposes the adoption of relative age as 
• |nm{s of ola.ssiflcation. 
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tourmaline, anatase, rutile, cordierite, and in the younger rooke the 
presence of sanidine, tridymite, leucite, nosean, hauyne, and zeolites. 
Even where the same mineral occurs in both the older and newer series, 
it often presents a somewhat different aspect in each, as in the case of 
the plagioclase and augite, which in the younger series are distinguished by 
the occurrence in them of vitreous and gaseous inclusions which are rare 
or absent in those of the older series.^ Throughout the younger eruptive 
rocks, the vitreous condition is much more frequent and perfectly 
developed than in the older group, where, on the other hand, the granitic 
structure is characteristically displayed. Still, to these niles so many 
exceptions occur that it may be doubted whether enough of positively 
ascertained data have beerr collected regarding the relative ages of 
eruptive rocks to warrant the adoption of any classification upon a 
chronological basis. There can be no doubt that, making due allowance 
for the alterations arising from permeation by meteoric water, there is no 
essential difference between some types of .volcanic rock in Palaeozoic and 
in recent times. The Carboniferous I)a8alt8 and trachytes of Scotland, 
for example, present the closest resemblance to those of Tertiary age. 
Admitting, therefore, that certain broad distinctions can bo made between 
many ancient and modern eruptive rocks, it seems nevertheless in- 
expedient, in the present state of oiir knowledge, to employ relative 
antiipiity (which must be determined by a totally distinct branch of 
geological inquiry, and may be erroneously determined) as a basis of 
petrographical arrangement. Accordingly relative antiquity has long 
been abandoned by the geologists of Britain and America as affording 
any adequate ground for a classification of rocks. 

The Composition of the igneous rocks, chemir^lly and mineralogically, 
probably affords on the whole the best foundation on which to build a 
scheme for their classification. Nearly all of them consist of two or more 
minerals. Considered in tlie broadest sense from a chemical fHoint o{ 
view, they may be described as mixtures, in different proportions, of 
silicates of alumina, magnesia, lime, potash and soila, usually with 
magnetic iron and phosphate of lime. In one series, the silicic acid lias 
not been more than enough to combine with the different bases ; in 
another, it occurs in excess as free quartz. Taking this feature as a 
basis of airangement, some petrographers have proposed to divide the 
rocks into an'acid group, including such rocks as granite, quartz-porphyry 
and rhyolite, where the percentage of silica ranges from GO to 75 or more, 
a basic gr 9 up, typified by such rocks as basalt, where the proportion of 
silica is only about 50 per cent or less, and an intermediate group repre- 
sented by the andesites with a proportion of silica ranging between that 
of the dther two groups.^ 

• 

M. Michel-Levy, whose noUtiou expressive of the structure of igneous rocks hu 
been already (p. 196) referred to, has also devised a system of syinltols to denote the 


^ See J. Murray and A. Renard, Proc. Roy. Soc. Edin, xi. p. 669. 

* See pullers by Profe.s8or Rosenbusch, Tichemak’a Min. MitlhtU. xl. (1889), p. 144 ; ibid. 
xil (1892), pp. 351-S96, his ‘ Massige Uesteiue* and the bibliography given on next page. 
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mineral coinpoeition of these rocks.* The initial letters of the minerals are selected, 
capitals beins; employed for the ferruginous series, and small letters for the colourless 
constituents, while those ingredients which are in such small quantity as to be, so to 
speak, accidental eonstituents are distinguished by italics. The symbols ai'e langed 
from left to right in their usual order of consolidation. The minerals of the first 
consolidation, in debris more or less resorbed, are marked by a line above their letters, 
those of the second consolidation by a line below their letters. The Greek letters 
indicating the structure are placed at the beginning. The following examples will 
show the application of the system : — 

1. Granite, Fa with contacts Uay-iF,iot) (tiaia'ia3)(q). 

2. Gabbro, Fw (ii»s) (Ps)* 

The Granite (1) is a granitoid (F) rock with a granitic (o) structure, and its margins 
show porp^yric structures (11), partly microgranitic (a) and partly micropegmatoid (7). 
It consists of th'e following minerals in their order of consolidation Apatite 
tircon (i^a), sphene (Z,), and allanite (Ag), all in small amount as accessory but early 
constituents. Then come also in feeble quantity, bronzite (/fj). malacolite (P,), and 
grey amphibole [A^), with abundant black mica (M). To the.se minerals as products of 
the first consolidation must be added, as essential constituents, oliguolase (tp and 
orthoclase (a^). The minerals of the later consolidation include some orthocla^, also 
albite (aj) and abundant quartz (q). Tlie Gabbro (2) has a granitoid or holocrystalline 
structure (F), with an ophitic (w) arrangement of its minerals, which consist of a small 
proportion of magnetite (^’,), titanic iron (F^), spinel (F^), apatite (F^), and zircon {Fn\ 
abundant olivine (0) and hypersthene (H,) and bronzite (Hj) ; a little brown horn- 
blende (Ag) and black mica (If) ; a good deal of labrador and anorthite felspar (t^,). 
In the second consolidation these fels[)ar8 also appear together with much diallage (P,). 

In the vast majority of igneous rocks, the chief silicate is a felspar — 
the number of rocks where the felspar is represented by another silicate 
(as leucite or nepheline) being comparatively few and unimportant. As 
the felspars group themselves into two divisions, the monoclinic or 
orthoclase, and the triclinic or plagioclase, the former with, on the 
whole, a preponderance of silica; and as these minerals occur under 
V tolerably distinct and definite conditions, the felspar-bearing Massive 
rocks liave sometimes been divided into two series: (1) the Orthoclase 
rocks, having orthoclase as their chief silicate, and often with free silica 
in excess, and (2) the Plagioclase rocks, where the cliief silicate is some 
species of triclinic felspar. The former scries corresponds generally to 
the acid group above mentioned, while the plagioclase rocks are in- 
termediate and basic. It has been objected to this arrangement that 
the so-called plagioclase felspars are in reality very distinct minerals, 
with proportions of silica, ranging from 43 to 69 per cent ; soda from 
0 to 12; and lime from 0 to 20.** In addition to the felspar -rocks, 
those in which felspar is either wholly absent or sparingly present, and 
where the chief part in rock-making has been ttiken by nepheline, leucite, 
olivine or serpentine must make another family or series of groiipg.* 

* ‘Struct, et Clossif. des Roches £ru|»t.’ p. 37.* 

^ Dana, Jnur. Jottm. Sei. 1878, p. 432. The modem methods of separating the fel- 
spars remove some of the difficulty above referred to. 

* A large rmouut of writing has been devoted to the subject of the c)a.Hsitication of the 
igneous rocks. In addition to the works of MM FouqilM, Michei-Liivy and Rosenbusch, 
already cited, the following deserve the atteOtioB of the student: Zirkel’s ' Petrographie,' 
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In Professor Kosenbusch’s scheme of classification the chemico-minera- 
logical characters of the igneous rocks el's chosen as the Itasis of the group- 
ing in each of his three great divisions. Thus he places together those 
rocks which are especially marked by the presence of an alkali felspar 
(orthoclase, microcline, anorthoclase, albite) ; the lime-soda felspar rocks 
form another series. There are likewise groups in whicii the place of the 
felspar is taken by leucite, by nepheline, or by melilite, and others in 
which no felspar or felspathoid mineral is present, l)ut where the con- 
stitution* is pyroxenic or peridotitic. 

It must 1^ confessed that up to the present time no such system of 
arrangement of rocks has been devised as will harmonise and satisfy the 
claims of the field-geologist, the petrographer and the chemist. In the 
following pages no attempt will be made to do more than place the rocks 
in a general progressive order from the most acid to the most basic. 
Where convenient, those having the same general characters or occurring 
in nature associated with each other will be grouped together in families. 
Thus in the first part of the list, rocks will be found in which the silica 
percentage is not less than 60 and may even exceed 80, the acid being 
in such excess as to have separated out as free quartz. The structure of 
these rocks ranges from the most coarsely crystalline-granular (granitic) 
through various stages of hemi-crystalline (porphyritic, trachytoid) to the 
most perfect glass (vitreous, as in obsidian). After these quartzose I’ocks 
comes a large series in which quartz is either absent or appears only in 
small quantity, the silica percentage ranging from 55 or less to 66. In 
this intermediate series a similar diversity of texture and structure may 
be traced. At the one end stand thoroughly crystalline granitoid rocks, 
such as many syenites, while at the other come various forms of volcanic 
glass, such as the pitchstones of the trachytes and andesites. Beyond 
these rocks we enter a third assemblage, distinguished by the dropping 
of its silica percentage generally below, and in the extreme forms con- 
siderably below, 50. These basic rocks display holo-crystalline granitoid 
forms and many successive variations of hemi-crystalline structure until 
they once more lead us to thorough volcanic glasses. 

The petrographical nomenclature of the Eruptive Bocks is in no 
better plight than their classification. By the progress of investigation 
it has been more and more conclusively ascertained that the hard and fast 
lines once supposed to separate the various species of these rocks, and 
which were expressed by distinct names in the terminology, do not 

i, pii. 636-842, especially from p. 829 ; V<»gelKftng, Z. D. (/. xxiv. p. 607 ; Loasen, 
ibul. p. 782; 0. Ung, Tscheimak's MittheU, xi. (1890), p. 467 ; Profewor Boimey, Presi- 
dential Adtirew to Geol. 8oc. 1885; Brogger, ‘Die Eriiptivgestelne dei KrWianiagebletes. 
I. Die GesteiaederOrorudlt-Tinguait-Berie,’ Christiania, 1894 ; J. P. Iddings, Joum. Oeol, i. 
(1893), p. 833 ; vi. (1898), pp. 92, 219* Whitman CJross, op. cii. p. 79 ; and the import- 
ant paper, x. 1902, p. 555, imblished while these pages are pawing through the press; 
W. H. Hobbs, op. cU. vili. (1900), p. 1 ; J. E. Spurr, Anier. Oed. xxv. (1900), p. 210 ; F. 
Lcewinson-Lessing, Congris OM. Iniernal. St. Petewburg (1897), ‘M^moires, pp. 53-78, 193- 
464 ; J. Walther, ibid. p. 10 ; A. Osann, Tachenwik' $ MiUheil. irfx. (1900), pp. 851-469 ; **. 
(1901), pp. 400-6M ; xxi. (1902), p. 866 ; A. Harker, Sdenoe Progrm, ir. (1896-96), p. 469. 
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really exist in nature. It has been found that one rock graduates into 
another, and that the variations of their composition and structure are 
often to bo traced rather to differences in the conditions under which they 
have consolidated than to any marked divergences in the original magma. 
Thus a body of acid rock, such as granite, may be found to merge 
insensibly into a peripheral basic envelope, including even such ultra-basic 
material as serpentine. There has been in large eruptive masses a complex 
process of differentiation whereby the initial constituents have separated 
more or less completely from each other, thus giving rise to widely 
diverse types of rock in what was originally one body of material. The 
nature and effects of this process can best be studied in large intrusive 
bosses, and will therefore be discussed in Book IV. Part VII. Sect. i. In 
the meantime it will be obvious that if such is the actual variable 
character of the igneous rocks we ought not to attempt in our 
terminology a rigidity which does not exist in nature, but should aim at 
keeping it elastic enough to include not only well-defined species but 
transitional forms, and to indicate as far as possible the actual petro- 
graphical relationships of the rocks. 

The present nomenclature of the eruptive rocks is a curiously jumbled 
patch-work, which has grown up with the gradual increase of knowledge, 
but on no settled system or plan. Like the terminology of the stratified 
formations in geology, it reveals in its very names the successive stages 
of advancement through which the study of rocks has passed. Some of 
these names, such us Syenite and Basalt, go back to Roman times, and are 
to be found in Pliny’s ‘Natural History.’ Others aie adaptations of the 
popular names of the rocks in the districts where they were first studied, 
as Gabbro, Minetto, HalleHinta and Forellenstein. Some, again, date 
from the days before tlie rise of geology when the rocks were under the 
care of the mineralogists, who named them fiom some obvious external 
character, such as lustre (Perlite, Pitchstono) ; texture (Hornstone, 
Porphyry); colour (Melaphyre); sound emitted when struck {Olinkstone, 
Phonolite) ; roughness to the touch (Trachyte) ; indistinctness or 
deceptiveness of the constituent minerals (Aphanite, Dolerite) ; obvious- 
ness of tho.se minerals (Diorite) ; arrangement of the minerals (Pegmatite). 
As more detailed examination of the rocks revealed some of their internal 
characters names expressive of these wore applied to them, such as 
Tachylyte, Hyalomelano and Eurite, so called from their easy fusibility, 
and Pyromerid, from its partial fusibility. When they were found to be 
of very different ages terms were sometimes introduced to express relative 
antiquity, such as Proterobas, Palaeopicrite, Palpeodolerite. Eventually a 
preference came to be shown for geograplncaldesignations, generally marking 
the place where a rock was first recognised or where it was spffijially well 
developed ; hence arose such names as Andesite, Vogesite, Predazzite, 
Tonalite. This practice has now become general, and has introduced into 
petrography many uncouth terras. From Norway we have received a 
host of new words, including Grorudite, Solvsbergite, Tinguaite ; from 
Western America comes the Absarokite-Shoshonite-Banakite series. 
As such names, though descriptive of typical localities and therefore of 
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value, give no information as to the nature of the mineral musses 
designated by them, some petrographers prefer to keep us fur as jKjssible 
the more generic names that can be retained and to add to them ei)ithets 
that will differentiate the new species or varieties. I'his they usually at hieve 
by prefixing the names of the distinctive mineral or minerals. \Vhen 
only one name is thus added the compound is easily spoken or written, 
as tourmaline-granite ; but as the number increases this ease disappears. 
Thus we have mica -biotite- granite, mica- hornblende -quartz - sytuiitc, 
nepheline-nosean-sodalite-phonolite — sesquipedalian designations against 
which the patience even of a geologist is inclined to rebel. It has been 
proposed, in order to obviate the objection to new geographiciil names and 
to the multiplication of such cumbrous epithets, to keep the name of the 
prevalent type as the family designation, prefixing to it such mineralogical 
or geographical terms as would denote the species or variety ; thus 
dolerite, trachydolerite, biotite- trachydolerite.* Ihit some of the 
combinations proposed are hardly less cumbrous and cacophonous than 
those which they are proposed to replace. One able pi'trognipher has 
remarked that many, perhaps most of the names may he hut tenq)orary 
in their use, and that they will “fulfil their legitimate object of enabling 
ns to comprise a given set of characters in one word, make onr ideas of 
the various rock-types more clear and precise, and thus lead ns towards 
the solution of that vexed question — a rational and generally accepted 
clavssification of rocks. , , , The needless names and types will he gradually 
discarded, and on what is left we may build a nomenclatiire of which the 
terms will he concordant both with each other an<l with the facts of 
nature, whenever the broad prineijile underlying the relationships of rocks 
shall have been discovered." - liCt us hope that in the not distant future 
this happy consurn motion may he n3ached. 

i Guam I K Famii.v 

The rocks boloiiging to thi.s family arc mainly of jdutoiiic oiigiii , that is, they 
have been intiuded into the tenestrial crust, often at great t^epths below the snifaee, 
and have been injected in fi.sanres, forming there dyke.s and veins. They un hide the 
great bulk of the older erujttive rooks, but aKo rnasse.s of all ages, even down to Teitmrv 
time. Some of the youngest of them are connci ted with vohaiiiic action, as in the \u*Bt 
of Scotland, where granites have risen through the sheets of basalt that \M‘re poured out 
at the surface after the Koceue |wiiod. 

Oraxdto.^ — A thoroughly crystalline admi.xture of an alkali-felsjiai (usu.dly orthoelakc, 

* H. S, Washington, Jniirti. Grol. v. (1897), I'p. 360, 365 ; ('. R, Van Hihc, op. iit. vii, 
(1899), p. 686 e( xeq. * H. S. Washiniifton, for,, nt. 

^ The student will find an ample bibllogra|ihy of granite m Zirkcd's ‘ I,e|irbuch,’ n. j»p, 
76-8‘2, and in Roseiibiisch’s ‘Mikroskop. Fhys.’ Tlic BiitUh granit^^s are deM*n))etl in Mr.TeaU’s 
‘British Pet»ography» p. 813 ; those of Irelaml by Hangbton, Q. J. d. 8. xii. (1856), p. 171 ; 
xiv. (1858X p. 300 ; xviii. (1862), p. 403 ^ xx. pp. 116, 268 ; W. J. S..llaK, T,am. R«y. Innh 
Acad. xxix.,(189l), pp. 427-514 ; those of France (Brittany) by Itarrois in a wries of papers 
in the Ann. Roc. (Ifol. Nord. from 1884 onviards ; (Fhnnanville and France generally) 
Michel- Wvy, Bull. Cart. OhJ. No. 36(1893); Bvfl. 8. a. F. 3rd ser. iii. p. 199; (PyreneeK) 
lAcroix, B^df. Carte. Oiol. France,. H ob. 64 and 71 ; United States, C. King, vol i. of 
‘ Explor. 40th Parallel,’ p. Ill ; Zirkel, vol. vL of same series ; O. IJawes, ‘Geology o1 New 
Hampshire,’ iv. (1878), p. 190. A few other papers are citeil on subserpient pages. 
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often microcUne)and quartz, with a plagioolaae liroe-aoda felspar and more or less magnesia* 
mica, sometimes potash-mica, and not infre(|uently hornblende. The two chief ingredients, 
quartz and felspar, form a granular aggregate in which the grains, seldom showing 
crystal forms, are of fairly equal size, and in which the other minerals are dispersed. 

Some varieties are so coarse as to present their 
quartz and felspar in lumps several inches in 
diameter. From this extreme every gradation 
may be traced to such an exceedingly fine 
texture as not to be separable by the naked 
eye into the different minerala There is 
never any base or ground-mass between the 
minerals, granite being a typically holocrys* 
talline rock (Figs. 14 and 28). Occasionally the 
orthoclase may be seen to present a crystal face 
to the quartz ; much more rarely the quartz 
itself, which is geneially in angular or irregular 
grains, shows its ]>yrsmidal terminations. 
The orthoclase is frequently flesh-coloured and 

always dull or milky. Intergrowths of the 
Fie. as. -II<,locr,.unin. stmeture of f 

(iiiagiiined). , , . , . 

tion of inuropfrlhile. The plagioclase is usually 

oligocla8e,and may be distinguished by its fine parallel striation on the basal cleavage plane. 

As an example of the metho<i referred to on p. 116 for isolating the mineral 
constituents of rooks reference may be made here to the highly interesting and instruc- 
tive memoir by Professor Sollaa on the Granites of Leinster.* By that method it was 
found possible to isolate and study the zircons, ajMitites, biotites, muscovites, felsjiars 
and quartz. Their crystallographic forms could be measured and their internal zones 
of growth (!Ould be examined. Of the felspars the soda-lime species were found to be 
most abundant, varying from oligoclase to albite. Mioroline was more plentiful than 
orthoclase, the latter being absent in much of the granite of the district. 

Many granites contain irregularly shaped cavities (miarolitic structure), in which the 
component minerals have had room to crystallise in their proper forms, and where 
beautifully tenninated crystals of ipiartz and felspar may bo observed. It is in these 
places also that tlie accessory minerals (beryl, topaz, tourmaline, garnet, ortbite, zircon 
and many others) are found in their best forms. Not improbably these cavities were 
somewhat analogous to the steam holes of amygdaloids, but were filled with water 
or vajMur of water at a high tem{)erature and under great pressure, so that the con- 
stituents could crystallise under the roost favoui-able conditions. Among the component 
minerals of granite, the quartz presents special interest unde/ the microscope. It is 
often found to be full of cavities containing liquid, sometimes in such numl)ers aa to 
amount to a thousand millions in a cubic inch and to give a milky turbid aspect to the 
mineral. The liquid in these cavities appears usually to be water, cither pure or con- 
taining saline solutions, sometimes liquid carbon-dioxide (p. 14S). 

Varieties of granite have been distinguished, accoi-ding to the prevalence of some 
other mineral besides the fundamental quartz and felspare. Thus under the name 
Muscovite -granite are comprised those which, besides the quartz and felspars, 
contain jiotash-niica. Biotite-granite (Granitite) includes those Vjiich have 
magnesia-mica, and may or may not contain aiso a little hornblende. Some granites 
have both muscovite and biotite-mioa. Hornblende-granite comprehends those 
varieties in which besides the quartz and fcls|iar, hornblende is also present, while 
when biotite is also there in notable quantity, tlie coiujxmnd is termed bomblende- 
biotite -granite or hornblende -granitite. Of tbisr last-named variety is the well- 

> rwjM. Rojf. Iri^ Acad. xxix. (1891), p. 427. 
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known Rapakim of Finland, ao muob employed in Northern Russia, which con- 
tains egg-shaped pieces of orthoclaae dispers^ through a coarse-grained matrix. 
Still more widely familiar is the rock which occurs at Syene in Upper Egypt, 
whence it was obtained anciently in large blocks for obelisks and other architectural 
works, and of which well-known Egyptian monoliths are made. It was called by 
Pliny “Syenite," — a name adopted by Werner as a general designation for hoin- 
blendic granites without quartz. The rock of Syene is reallj; a hornblende-biotitc- 
granite. In Tourmaline-granite tourmaline takes the part of the mica or horn- 
blende. Augite-granite contain.^ augite and black mica > Aplite (Halhgranit, 
Qranitell) is a granite that contains hardly any silvery mica and is made wholly or 
almost wholly of a finely granular or saccharoid aggregate of quartz and orthoclase with 
a little plagioclase ; it is found chiefly in veins. Protogine-granite or Alpine granite, 
a rock that enters largely into the structure of the Alps, is distinguished by the 
presence of a light greenish chlontic or serioitic mineial, which when abundant gives 
it a somewhat schistose aspect. 

Under the name Qranulite M. 

Michel-Levy includes certain fine- 
grained granites with white mica, 
which to the naked eye appear to 
be com|) 08 ed entiiely of felspar 
and quartz, or of felspar alone, 
though both mica and (juartz 
appear in abundance when the 
rocks are microscopically ex- 
amined. He includes in tins 
category most ot the rocks ot the 
Alps described a.s “ protoginc.” - 

Most large masses of granite 
present ditferences of texture and 
structure in diffeient parts of 
their area. Some of these varia- 
tions de|)end on the relation of 
the mass to the surrounding un ks 
(see postni, p. 7‘24). Others mav 
occur in any portion of a gi.tiiite 
bo8.s, and have been produced by 
the circumstances in which tlic 
mass consolidated. Suitic granites 
are marked by the peculiar group- 
ing of their component minerals, 
others by the occurrence of the 
cavities above refened to, wheie 
the minerals have had room to 
assume sharply defined crystalline forms. Many granites are apt to be travel sed by 
veins, generally i-atber more acid in composition than the main body of the rock, 
and sometimes due to a segregation of the surrounding minerals in rents of the 
original p^y magma, sometimes to a protrusion of a less coarsely crystalline (aplite, 
microgramte) material (Fig. 29). S<vne of the more important of these varietiee 
are distinguished by special names. While in general the quartz and felsfiar are 
distributed somewhat eveuly in regular grains of fairly uniform size through a large 
mass of rock, they have sometimes, especially in veins outside a large intrusive niaae 

' On Augite-granite of Old Red Sandstone age in the Cheviot Hills, see J. J. H. Teall, 
Qeol. Mag. 1886, p. 106. • B, S. O. F. Hi. (Srd ser.), p. 210. 
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crystallised in such a way as to enclose each other and to assume a tendency to an 
orientation of thoir longer axes in one general direction, especially when they form the 
structure known as Pegmatite.* One of the most interesting varieties of this structure 
is that termed Graphic Granite, in which the orientation of the quartz and felspar 
is singularly well -developed (Fig. 30). The quartz has assumed the shape of long 



Fig. 30.— Orapliic Gniiute (luit. size). 


imperfect columnar shells, placed parallel to each other and enclosed with .n the 
orthoclase, so that a transverse section bears some lesemhlanee to Hebrew writing. 
The two minerals have crystallised together, with their piincipal axes parallel. This 
•intergrowth seems to show that there could have been little or no internal niove^ient of 
the veins, in which it so frequently occurs, wheii the component minerals assumeil their 
crystalline forma. Where the intergrowth is on a minute scale, and is often in 
clustered aggregates of radiating and irregular forms, it is known as microjtegma tito, 
which forms the base of the lock knoun as Granopliyre (Fig. 4). Th\s micro- 
pegmatitio or granophync structure characterises large masses of aci(l eruptive rocks 
which have broken through the Terliaiy basalt-plateaux of the west of Scotland, ahd 
which in other parts show a normal granitic texture that cannot be distinguished 
that of the most ancient granite.® 

Some granites present a porphyritic structure, where large crystals of felspar n, 
scattered ihrougli the general ground-mass. Fine examples of those pheuocrysLs aie 
to bo .seen in some of the granites of Cornwall, which are of later date than the 
Lower Carboniferous formations. Enclosed dark crystalline concretions, composed 
particularly of the more ba.sic constituents of the lock, occur in some granites. They 
are usually ovoid in form and porphyritic in structure ; in some cases, they are fiagmenta 
of other rocks, and are then commonly schistose in structure and ii regular in form.® 
In rare' examples (Sweden, Ireland, &c.) the component minerals of granite have 
crystallised with a radial concentiic arrangement into rounded ball-like aggregates 
(spheroidal, orbicular granite, Kugel-grauit, Klot-granit).* In the centre, as well as 
round the edges of largo bosses of granite, the minerals occasionally assinne a more or 

* For an admirable and exhaustive account of Pegmatite veins, and their associated 

minerals in Soutlierli Norway, see the great Monograph by Professor W. C. Bwgger in 
GrolU’s Zeiluch. Ki'yd(Uh>g>'ftphie, xvii. (1890). ' . 

- A. G., Trans. lUy. Soc. Mm. xxxv. (1888),^. 147 ; A. Marker, Q. J. 0. S. lii. (1896), 
p. 820. ® J. A. Phillips, 4?. J. U. S. xxxvi. (1880), p. 1. 

* W. C. Bi-ogger and H. Backstroiii, iJeol. FUreii. Stockhdm, ix. (1887), p. 307 ; Hatch, 

J, 0. N. xliv. (1888), p. 548, and authorities there cited. Baekstrum, (Jeof. Stock- 

Jidniy xvi. (1894), p. 107 ; B. Frosterua, Ball. Com. Gfol. Fintand, No. 4, 1896 ; F. D. 
Adams, Balt. (Jeoi. Hoc. Amtr. ix. (1898), p. 168. 
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less perfectly whistoae arrangement. When this takes place, the rock is calleil gneiasoae 
or gneiss granite.* (See Book IV. Part VII, p. 72S el se^.) 

The specific gravity of granite vaiies from 2 593 to 2781, and tl»c chemical comjwsi- 
tion of some of its varieties is shown in the following table of analyses 
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0 03 


BaO 



. 

[ 

0 04 


0-11 


LiaO 


. 





I race 


CO-. 





0 21 


tnwc 


F ■ 




. j 

0 06 




Cl 





0 0-2 

1 

0-02 

liacc 

Fe8a 




lOO-^."! ! 

1 1 ace 

I 




101 26 

99-99 

104 30 


100-35 

100-37 j 

100 82 

100-05 

1 

. 









I From Strontian, Argyllshire, Scotland <‘oarse-gianu*tl with aljiniilunt (jimrt? and 
pink orthoclaso, white plagioclase, a little hlaek mica and some titKiiile, 
Analysed by Hanghton, Tratts. Hoy. Irvsh Acfvl. Uidd, p. 31. 

II. Ftoin Doocharry Hndge, Co. Donegal, Iieland. pink uillioclasc, grey plagioclaso 
and a little black mica. Analysed by Hanghton, Q J. (! S. xvni. (1H63), p. 402. 

III. From Baveiio ; the well-known granite with pink oithoclase, white plagioclaae, 

gievish-white quait/ and blackish-gieen mica. Analysed by Biinsen, Kotb’a 
‘ Gesteinsanalysen,’ 1802, p, 68. 

IV. From Bjorketop, Stockholm : grey, hue grained. Analysed by II as.selbom, 

Oeol. Uiidersokn, Section Linde, 1873, p. 16, 

V, From Mount Ascutney, Vermont, U.S.A : typicjil gianilite; contniis «juartz, 
ortlioclase, plagioclaae (micro-jierthite), biotite, magnetite, spheiie, apatite and 
zircon. Analysed by W. F. Hillebrand, Jinll. U. S. (J. >S. No. 168 (1900), ]•. 24. 

VI. From Moore's Quairy, Florence, Masaachn.setts : biotite-gi anile, very felsjialhic; 
quartz rare, with fluid inclusions; felspar mostly tiiclinic ; oithoelase and 
microdino present tn small quantities, little muscovite, some lutile. Analysed 
by Eakiiia, Jiull. U. A'. S. No, 168 (1900), p. 30. 

V^II. From Yosemite Valley, California : homhlende-biotite-granite ; contains alkali- 
felspar, plagioclase, quartz, amphibole, hmiite, magnetite and apatite. Analysed 
W. Valentine, Bull. U. S. O. S., No. 168 (1900), p. 208. 

VIII. From Hurricane Hidge, Crandatt Basin, Absaroka Range: aphtc dyke , contains 
quartz, orthoclase, oligoclaae, biotite, magnetite, some eliloiite and .a little 
hornblende. Analysed by Elukins, Bull. U. S. (!. .S'. No. 168 (1900), p. 94. 
Surrounding large maaaos of granite thei-e are usually iiutneKius veins, which consist 
of granite, quartz-porphyry, felaite, or other nietnlier of the gi unite family. These veins 

* On foliated granite, see a jiaper by J. Home and E. Greenly , V- J- ^ '• Id- ( 1 896), p. 688. 
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are osutlly much hoer in grain than the main body of the I’ock from which they diverge. 
Loiaen has shown that the Bode vein in the Harz has a granitoid centre, with oompaot 
porphyry sides, in which he found with the microscope a true glassy base.^ From the 
margin of the Tertiary granite and granophyre of Skye proceed broad dykes, which show 
the most |>erfoct How-structiire and are crowded with sphemlites,* Sometimes the rocks 
associated in this way with granite differ in composition from the main granite, and this 
is more especially ajtt to occur where the {teripheral part of the granite has assumed a 
more basic character than the rest of the mass. Tourmaline is one of the characteristic 
minerals of granite*veins, though less observable in the main body of the rock ; with 
tjuartz, it fonns Schorl -rock. 

(Granite weathers chiefly by the decay of it.s fels])ars. These are converted into 
kaolin, the mica becomes yellow and soft, while the quartz stands out scarcely affected. 
The granite of the south-west of England has weathered to a depth of 60 feet and 
upwards, 80 that it can bo dug out with a spade, and is largely used as a source of 
porcelain -clay. 

Granite occuis (l)a8 an eiuptive rock, forming huge bosses, which rise through other 
formations both stratiaed and unstratihed, and sending out veins into the surrounding 
and overlying rocks, which usually show evidence of much alteration as they ap}»roach 
the granite ; (2) connected with true volcanic rocks and forming, perhaps, the lower 
portions of masses which aowed out at the surface as lavas. In the Tertiary volcanic 
region of the west of Scotland masses of granite and granophyre have pierced the sheets 
of subaerial basalts and must have risen near to, if they did not actually reach the 
surface. They prove that granite is not necessarily, though usually, an aby.smal rock. 

Granite -porphyry (Micro -granite),-* a fine-grained granitoid rock having a holo- 
ciystulline, occasionally gi-anophyric (microjiegniatitic) matrix, composed mainly of 
alkali-felspar and quartz, through which ai-e dispersed large crystals of orthoclase and 
plagioclase, with smaller blebs and imjierfect crystals of (luartz, hexagonal plates of 
biotite and occasionally some hornblende or pyroxene. It occurs as jmrt of large bosses 
which consist maiitly of granite, hut is probably most frequently found in veins which 
no doubt are connected with some Inxly of graiiitr*. 

The variatioirs in conijKi.Hitiori and structure of the rocks connected with large 
eruptive bosses or stocks has been well woiked out in Southern Norwuy, wherts Professor 
Brdggor has made known the chemical constitution of n number of dykes and veins 
which ho believes to represent diflferent stages in the differentiation of one original 
magma. The most acid variety found by him is the following : — 

Grorudite— a compact greenish fine-grained aggregate of alkali-felsiiar and albite 
(often as microperthite), or less frequently soda-orthoclaso (also sometimes anorthoclase), 
aegerine, and a greater or less abundance of quartz. Some of these minerals occur also 
in large dispersed crystals, together with hornblende and mica. This rock is found in 
numerous veins in the Christiania district, which were at first grou|)od os examples of 
aegerine-granite-porphyry. It is regarded by Brogger as the acid end ol a group which 
he names the Grorudite-Tinguaite series. An average sample has the following chemical 
composition, SlOg 74’35 ; AljO., 8 '73 ; Fe.jOj .'»-84 ; FeO 100 ; MnO 0*22 ; MgO 0 07 ; 
CaO 0’46 ; Na^O 4-51 ; KjO 3'96 ; loss 0 ‘25 : total 99‘38. But great differences were 
noted between tlie chemical constitution of the centre and margins of some of the dykes. 
Thus in the centre of a dyke at Grorud the percentage of silica was 70*16, while that of 
the margin was only 66*60. In the next member of the series, called Solvstergite, the 
silica amounts to 64*92 and in Tinguaite to ng more than 56*58. These tocks are 
farther noticed at p. 221. 

» Z. D, «. 0. xxvi. (1874), p. 856. » A. G., V- (>• -S’. 1. (1894), p. 221. 

* J. P. Iddings, Mimograph xx. U. S. a. S. Appendix B, p. 339. The term “ Porphyr)- *’ 
has been restricteil by some petrographers to rocks in which the alkali- felspars are pnalomimuit 
(see Porphyriie, p. 219). 
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Qturte* porphyry (Eurite, Microgranito, Elvan).* Thi» tenn has been variously 
applied. In its wi4eiit use it has been made to include rocks which have a minutely 
holoorystalline (microgranitic) texture, and are thus only tine-graineil varieties of granite- 
poqihyry ; also r(K‘ks that possess a base which is not definitely individualised, but 
sometimes includes distinctly dcvitrified glass, and is thus linked with the Rhyolites. 
The term is here emjdoyed to embrace rocks distinguiaho<l by an exceedingly close- 
grained, grey, pink or broWn ground-mass, which under the microscope may be restdvod 
into a microgranitic aggregate of quartz and felspar, not infrequently grouped in a micro- 
jiegmatitic arrangement (granophyre), or which, if not so lesolvsble, by having a 
cryptocrystalline or micro -felsi tic texture show a high percentage of silica on being 
chemically tested. Through their grouud-ina.ss are scattered phenocrysts of ((uartz, 
sometimes in doubly-terminated pyramids, and orthoclase, sometiinos with plagioclase, * 
biotite and hornblende. 

That some at least of the quartz-porjdiyrics were once probably vitreous rocks and 
have attained their preseni condition through jnocosses of devitrification, has long bt'cn 
held by some able [letrographers. As far back as 1867 Vogelsang thought that the 
Halle [wrjthyry and other {)or}ihyrie8 whicli he had seen were probably once vitreous 
masses.'^ And Lessen, “ whose observations on the Hodo vein have already been cited, 
was led to the belief that the ground-mass of the llartz jioiphyries had once been a 
gla-ss like obsidian. Sonic of the so-called ” pitohstoiics ” apjicar to be glassy forms of 
quartz- porphyry. Thus no sharp line can be drawn between rocks of a holocrystalline and 
granitic character and those which arc mere glass. Intermediate varieties may be found 
representing the siuce.ssive stages from the one condition into the other.* 

The average .specific giavity of the quartz-porphyries may be taken to be alioiit 2 '65, 
and their clienncal composition may be infeiied from the i^ollowiiig analyses of a few 
illustrative exainides • - - 



I 

II 

III 

1 IV. 

SiO,^ . 

74 41 

71-46 

73-12 

72-79 

Al.p, 

13 '51 

15 38 

14-27 

13-77 

Fe-^Os . 


0 30 

0 51 

3 32 

KeO 

2-2.'; 

2 27 

0-26 


-MkO 

0*01 

0 22 

0-24 

0-6-2 

CaO . 

119 

0 47 

1-10 

1-94 

Na.O 

1'4() 

•2 79 

3 43 

4 12 

KoO . 

.5-31 

6-51 

4-90 

2 99 

HJ) . 

1-31 

1-70 

111 

1 08 

Tib.. . 



0 08 


F.o; . 



0-03 


MnO . 


tiai'c 

0-06 

trace 

SiO . 



trace 


liaO 



tiace 


Li.,0 . 



tiace 


CO., 



0-77 



99-45 

100-10 

10018 

100-63 


‘ “Elvan " l^ a Cornish name for a >8riety of qnait/. porphjij, winch forms veins that 
procee<l fron^ masses of granite into tlie siirrounduig hfates or “Killas,” or are only found near 
the granite'T It consisis of a crystalline-granular aggregate of quartz and orthoclase. J. A. 
Phillips, Q. J. a. S. XXXI. p. 331. 

^ ‘Philosophic der Oeologie, ’ p. 194. ■’ AUudhH. Arad. Bohn, 1869, p. 85. 

* Mr. Pirsson discards the term “ quartz- porphjry ” as logically objectionable and adopts 
in its place “ rhyoli te- porphyry,” 20tli Ann. Rep U. S. U. S. Pail in. p. 520, He looks on 
grtnite, granite-porphyry, quartz- porphyry and rhyolite as marking phftses in one great 
continuous senes of rock.s. Bull. U. S. O. S. No. 189, p. 81, 
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I. Ground-mass of the quartz-porphyry of the lower Holzemmenthal in the Hartz. 
Analysed by Strong, Nexus Jahrh. 1860, p. 152. 

II. Fine-grained “EIvari,’’MelIaDear, Cornwall. Analysed by J. A. Phillips, Q.J. Q. S. 
xxxi. (W5), p. 335. 

III. Quartz-porphyry, Yogo Peak, Montana ; phenocrysts of orthoolase and quartz in 

a ground-mass of quartz and alkali-felspar, with a little white mica and some 
kaolin ; chlorite, liinonite and calcite are also present, pseudomorphous after 
biotite, and perhaps hoin blende ; total amount of secondary minerals very small. 
Analysed by W. F. Hillebrand, B. U. S. 0. S. No. 168 (1900), p. 125. 

IV. From the volcanic series of Llyn-y-Gader, Cader Idris, Wales. Analysed by Mr. 

Holland, Q. J. 0. S. xlv. (1889), p. 435. The large proportion of soda in 
this rock connects it with the siliceous keratophyres (p. 219). 

The colour of tlic quartz- porphyries depends chiefly upon that of the felsj>ar,-— pale 
flesh-red, roddish-brown, puiple, yellow, bluish or slate-grey, passing into white, being 
in diflerent places characteristic. It will be observed in this, as in other rocks contain- 
ing much felspar, that the colour, besides depending on the hue of that mineral, is 
greatly regulated by the nature and stage of decomposition. A lock, weathering 
externally with a pale yellow or white crust, may be found to be dark in the central 
undecayed j)ortion. When the base is very compact, and the felspar-crystals well 
defined and of a different colour from the base, the rock, as it takes a good polish, may 
he used with effect as an ornamental stone. In popular language, such a stone is 
classed with the “marbles,’* under the name of “ porjthyry. ” 

The quaitz-porpbyrics occur with plutonic rocks, as eruptive bosses or \eins, often 
a.s 80 ciated with granite, from which, indeed, they may be seen to proceed diiectly ; 
of frequent occurrence also by themselves as veins and irregularly intruded masses 
among highly convoluted rocks, especially where these ha\e been more or less 
metamorphosed. 

ii. Rhyolii'e Family. 

This family is essentially of volcanic origin. Petrographers who are still under the 
spell of the Wernerian belief that rocks can bo classified on a chronological basis, place 
the rhyolites among the Tertiary and modern products of volcanic action. It is 
undoubtedly true that the freshest and most typical rhyolites belong to the later 
geological periods, but rocks that cannot be distinguished from them by any really 
essential characters occur even among the older Palaeozoic formations. Such ancient 
rocks are assigned by these writers to the group of the quartz-jjorphyries. By other 
observers, liowcvcr, they are classed with their modern rejireseiitatives as one great 
family. The more modern and typical forms will here be described first. 

Rhyolite (Lip&rite) — under this name the most acid lavas are grouped, their 
]K;rcentago of silica rising even to 77. They are distinguished by a greater vaiiability in 
structure and texture than any other igneous rocks, ranging from the most {lerfect 
glass to a holocrystalhno aggregate, which might even bo mistaken for granite, many 
of these different structures actually altemating with each other in the same sheet 
of rock. Rhyolite i.s the name applied more particularly to the lithoid varieties, while 
the glassy form is known as Obsidian, but the two types of structure may be found 
alternating in the same lava-flow. 

Under the name of N evadite Baron von Richthofen described a form\^ Rhyolite 
abundantly developed in Nevada and rharacterfled by its resemblance to granite, owing 
to the abundance of its porphyritic crystals, and the relatively small amount of greund- 
masa in which they are imbedded. The granitoid aspect is external only, as the 
ground-mass is distinct, and varies from a holocrysUUine character to one with abundant 
glass, and the texture ranges from dense to porous.^ The presence of such a giound-mass 


• Richthofen, Z, D. 0. O. \x. (1868), p. 680. See also Hague and Iddings, Amer. 
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is characteristic throaghout the rhyoiites. It is for the most part a com^taet pale-grey, 
yellowish, greenish, reddish or black substance, which may here and there be pure glass 
with few or no microlites, but it rapidly becomes lithoid by the development in it of micro- 
litic, spherulitic, microcrystalliue, |)erlitic or punnccous stiuctures. Under the micro- 
scope, when not simply vitreous, it presents an enamel-like, porcellanous iwjM»ct, more or 
less crowded with microlites, and often with minute spherulites and fn'rlitic cracks. It is 
constantly marked by traces of flow, in alternating, lenticular streaks of darker and 
lighter substance, the miciolites and spherulites being arranged along these streaks and 
curving round the large included phenoorysts. The dwpcrhcd crystals consist of quartz, 
sanidine, plagioclase, biotite, augite and magnetite. The quartz crystals are distinguished 
from those of the granite family by the ab.sence of liquid cavities and by the })resence 
of inclusions of glass and gas, some of the cavities having a dihcxahedral form (negative 
crystals). 

It has been inferred by Mr. Iddings that the phenoorysts niusit liave been of late and 
comjiaratively rapid growth in the outflowing magma, bet ausc they an* so promibcuoiisly 
distributed through the rock and contain such an abundanco of inclusiuns of the 
inothcr-li(}uor and gas-cavities. It is difllcult to suppose that in a magma having a 
.specific gravity of only 2*l{ fairly large crystals of augite (sp. gi. 3'.'0 and magnetite 
Bp. gr. 6‘0) could leniaiu long suspended without finding their way by gnivitation to 
the bottom.^ On the other hand, the curiously coiroded margins of the ciystals in 
some s.inidinea seem to {wiiit to the solvent action of the magma upon them 

The microscopic crystals in the base of ihyolite show a marked tendency to form 
intergrowths and also compound groups of crystals. Thus the microgra))hic intergrowth 
of quaitz and sanidine has been described as of frequent occuireiico in the obsidians of 
the Yellowstone Park,'' from aggregates visible to the naked eye down to microscopic 
proportions, and the gradual stages of acciction can be traced wherein the first 
crystallisations of felspar and quartz from the molten magma grarlually build uji oval 
and spheiical bodies, which liecome spherulites wheicin the individuality of tlie original 
crystalline fibres is lost. Hy the continued growth of such aggregates, the glass has 
become lithoid, Hesides the spherules, which vary in si/e from mit-likc or js'a-like 
forms down to granules only discernible with the nncros< oj)e, imich larger nodular bodies 
make their appearance in some vitreous ihyohtcs, to which the name of Lithophijses haa 
been given. These range up to a foot in diameter, and aic mo.stly hcnuspherical in form. 
They each consist of a seiiea of delicate concentnc shells, which arch over one another 
like the petals of a rose, and are so thin that sometimes fifty of them may be counted 
within a radius of two inches, and so fragile as to ciumble under the touch, being made up 
of small and slightly adhering crystals of quartz and orthoclase. The origin of these 
bodies is believed to be traceable to the more abundant presence of highly heated water- 
vapour in spwts in the magma, the greatei viscosity of the sunounding magma, and 
the very rapid ciystallisation of jointed lods of felspar followed by further condeiiBation 
upon the crystallisation of the silica. These changes and their results ate like thoae 
produced arlificially in closed tubes, where the ac tion of highly heated water-vaj>our 

Journ. Sd. xwii, (1884), p. 461. Tliesc authui.s cjihtinguish Iwtweeii Ncvacliti; and Lipante, 
the latter being characterised b> the small number of iwpliyritic crystah imbedded iu a 
relatively large amount of ground-mass which, as in Nevadite, may be holocrystalline or 
glassy. Tli^ also distinguish Lilfundal Rhyolite and Uyahne Rhyolite as additional varieties. 
Messrs. L Diqiarc and E. Pearce have recieiitly described a vaiiety of tlie rwk under the 
name of Plagiohpante, its distinguishieg feature being the presence of phenocrysts of biotlle, 
plagioclases and quartz, with an entire absence of orthoclase. Compt. rend. Jan. 1900, 

* Monograph xxxii, (1899) U. S. Qtol. Surv. Part ii. ji. 267 The spherulitic aud 
lithojcbyse structures of rhyolite.s are fully discussed ia this important memoir by Messrs. 
J. P. Iddings and W. H. Weed, 

* Iddings, 7th Ann. Rep. U. & O. 3. (1888), p. 274, end Monogt. xxxii. p. 410. 
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has been tested by experiment' The lithophyses of some rhyolites in Colorado contain 
crystals of topaz and spessartite garnet* 

Tiie remarkable variability of the rhyolites in regard to texture may be seen even in 
a single sheet of lava. In some regions (Lipari) the suiface of the outflow remains 
tolerably solid, but in others (Yellowstone Park) it has been converted into pumice by 
the exjtansion of its contained water- vai)Our. Below this pumiceous crust the rock passes 
into solid glass, the central {)ortion of the sheet becoming lithoidal by the development 
of a rnicrospherulitic or other structure, while the lower parts are glassy, passing down 
even into pumu e, which at the lx)ttom has sometimes broken up into a kind of breccia 
or tuff by the weight and movement of the overlying mass. Some rhyolites are full 
of small and largo cavities, which are lined with chalcedony, quart/, amethyst, jasper 
or other minerals. Columnar structure is well displayed in certain volcanic districts, 
some of the ihyolitcs in the Yellowstone Park displaying columns 200 feet in height. 

The cause of the wide range of variability in the texture of rhyolitic lavas, as 
compared with tho.se of the ba.sic families, i.s probably to be sought in the greater 
viscosity and heterogeneous character of the acid magma. Portions of the lava still 
retaining'^hoir original condition of nearly pure glass are spread out into thin lenticular 
layers as the mass moves onward ; those parts that have become lithoidal by the 
development of spherulites or of the pumiceous structure are likewise flattened into thin 
leaves and lainiti*, so that the whole mass comes to he built up of rapidly alternating 
lenticular layers of material (eutaxitic structure), having througlioiit the same chemical 
composition, but varying considerably in texture, mainly according to the distribution 
of water- vapour through the lava and the aliendant devitrification 

The specific gravity of rhyolite ranges from about 2 •.'19 to with an average of 
about 'i’S. The chemical constitution of a number of modern and ancient niembei-s of 
the family is shown in the accompanying table of analyses • — 



1. 

)I 

III. 

l\. 

\ ' 

\ I. 

\ll. 

VIII 

sio 

74-24 

75-89 

71-70 

75-52 

83-80-2 : 

71 88 

72-6 

72-18 

Al/J, 

• 11 -.'>0 

12-27 

13 72 

11-11 

7 -686 

12 00 

1-2-4 

14-46 

Fe.^( J , 

1-27 

1-12 

1-01 

1-74 

0-111 

3-50 

0 7 

1-78 

Feb . 

0-67 

1-37 

0 62 

U 08 

0-40.H I 

0-20 

1-1 

0-91 

MgO . 

0-2.') 

0-29 

0 14 

0-10 

0-109 

1 -28 

trace 

trace 

Cab . 

O-ll 

0-86 

0-78 

0-78 

0 896 1 

0-34 

0-9 

0-92 

Na.iO . 

3-00 

3-2.1 

3-90 

3 92 

4 “229 

2-49 

1 7 

1 92 

KjO . 

3-66 

3-42 

4-02 

3-63 

2-161 1 

4-77 

4-7 

6-10 

h!o . . 

2 04 

0 82 

0 62 

0-39 

j 


5-2 

1-17 

Ti'O., 

0-20 

0-50 

none 

none 

1 




PA • • • 

007 

none 

' none 


0-089 ! 




MnO . 

0-06 

none 

i traei- 

none 

1 



tiace 

Li..O . 

none 

0-01 



i 




SO, . 

0-03 

0"28 



0-017 i 




SrO . 

trace 








BaO . 

0-18 








FeSj . 



0-40 

on 

0*191 




Loss . 





0-301 

1 -20 ' 



100-28 

100 0(i 

99-91 

100-38 

99 894 

100-66 

99-3 

99-74 








— 



I. Khyolite, Lassen Peak region, California. Analysed by W. F. Hillebrand, 

U. S. G. S. No. 168 (1900), p. 178. A light-gi'ey rock, with occasional phenociysts 
of quartz and felspar in a granular giound-niass of the same materials. 

II. Rhyolite, Mount tSlieri dsn, ^Yellowstone icgio n. Analysed by J. E. Whitfield, 

' Iddings Moiunjr. x.xxii. p. 418, and authorities there cited. 

* Whitman Cross, Amei\ JourH. Sci, xxi. (1«'^86), p. 432. 
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op. eit. p. 105. Composition reported by Mr. Iddiogs u qoertx and sanidine, 
with a little magnetite and augite. 

III. Black Obsidian, Obsidian Cliff, Yellowstone Park. Analysed byJ. E. Whitfield, 

op. cit. p. 104. Tint, rock is described by J. P. Iddings in 7th Jtni. Rep. U. S. 
O. S. 1888, p. 249. Monograph xxxii. Part ii. p. .‘159. It contains microlites 
of augite and magnetite, with traces of quartz and lelsjwrs. 

IV. Red Obsidian, Obsidian Cliff, Yellowstone Park. Analysed by .1. E. Whitfield, 

ihid.y also described by Mr, Iddings in same Rejiort and Monograph ; reseinbles 
No. III., with ferric oxide replacing magnetite. 

V. Folsitc (felsophyre) from summit of Aran Mowddy, Wales. Analysed by J. 
Hughes, Q. J. Q. S. xxxi. p. 400. Contains porphyntic crysUls in a felsitic 
matrix. Teall, ‘British Petrog.’ p. 3.H9. 

VI. Pale-green Felsite, Trom near Pitt’s Head. Analysed by H.iughton, TniM. Roy. 
Irish Acad, xxxiii. p. 615. Teall, loc. eit. 

VII. Pitchstone from Arran. Analysed by J. H. Player. Teall, op. ext. j). 317. 

VIII. Devitrified perlitic I’itchstono, L<‘a Rock quarry, Shiopshire. Analysed by Mr. 

Phillips, Q. J, G. S. x\.\iii. p. 457. The specific gravity of this rock is 2'62. 
Teall, op. cit. p. 311. 

Rhyolite i.s an extremely acid rock of volcanic oiigin. It foims enormous masst's in 
the heart of extinct volcanic distiicts in Euio]>c (Hungary, Eugaiiean Hills, Iceland, 
Lijiari), and in Xftrth America (Wyoming, I'tah, Idaho, Oregon, California). It occurs 
both as intrusive dykes, sheets and bosses, ami as outllow.s of lava at the surface. Some 
of the most magnificent displ.-iys of this rock are those of the Yellow.slone National 
I’ark in the Western United States, wheie it forms a vast plateau, sends arms into the 
valleys in the surrounding moiint.un.H, lies in denuded lemnants on their slopt's, and in 
place.s exceeds 2000 feet in tlie thickness of its Micccssive sheets.* 

Pante.llcrite — a grouji of rocks first de.scnbed by H. Forstner from the Island of 
Pantelleria, chaiacteiised by a stiucture varying trom glassy into finely granular 
and trachytic varieties, and a chemical composition in which the percentage of silica 
ranges liotween 6(5'8 and 72’.'), while the alkalies amount to 10 per cent, soda being 
largely prcdomiiunt. The specific giaiity is 2 4 in the vitreous and 2’6 in the 
holocrystalliiK' vaiieties - 

The\itreous niembeiHot the Rhyolite tamily form an inteie.sfing grou]>, in which we 
may detect what was juoh.ibly the original condition of the molten magma. Every 
gradation can be traced from a jieifect glass into a thoroughly devitrified and even 
crystalline rock. As all eady remarked, the original vitieous condition of rhyolite can 
still la- seen even with the naked eye in the clots and strcak.s ot glass that 0 ( casionally 
run through it in the direction of its tlow-structuie. Yaiioiis names liave been given 
to the glassy rocks, of which the chief aie obsidian, pumice, and peailstone or perlite. 
These, however, are not to be regardwl as distinct rock-hpecios, but latlier a.s the 
gla.s8y condition of rhyolitic l.tvas. 

Obsidian (rhyolite gla.ss) — the most perfect form of volcanic glass, ‘xtcrnally 
resembling bottle glas.s, liaving a jierfect conclioidal fr.aeture, and breaking into sharp 
splinters, transparent at the e.lges, It.s enlonrs aie blaek, brown, or greyish -green, 

' On rhyolite, tiesides works already cited, (he following may be speeially referred 
to: F. v^ Richthofen, JnArA K. K. Geol. ReuixmiuHt, xi. (1861), p. 1.56. Zirkel, ‘Micro. 
Petrog.’ p. 163. King, ‘ Explor, 40th Parallel,’ i. p. 606 ; Whitman Cross, .Voxx/Hfrnph xii. 
U. S. O.S.(l 886), p. 345 ; W. H. Weed and L. V. Pirssoii, Ii. U. S. G. ,S. No. 1 39 ( 1 806 ), p. 1 18. 
20tA Ann. Rep. U. S. G. S. (1900), pp. 177, 3.'>1, 520 ; E. OrdoHez, “ Las Rhyolitas de Mexico,” 
Bol. Inst. Geol. Mexico, No. 14 (1900), No. 15 (1901) , 'ITioroddsen, Geol, Fueeix. .Sfitckhalm, 
xUi. (1891), p. 609 ; H. Backstrom, op. cit. pp. 6S7-68C ; N. O. Holst. Nw. Gei,l. riulersOkn, 
No. 110 (18P0) ; J. Park and F. Rutley, V- J. G. S. Iv. (1899), p. 449. 

2 Bull. Com. Geol. 'ital. 1881, 
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rarely yellow, bine, or red, bat not hifrequently atreaked or banded with paler and 
darker haea A thin slice of obsidian prepared for the microscope is found to be very 
pale yellow, brown, grey, or nearly colourless, and on being magnified shows that the 
usual dark colours are almost always produced by the presence of minute opaque 
miorolites, which present themselves sometimes as black opaque trichites, beautifully 
arranged in eddydiko lines showing the original fluid movement of the rock (Fig. 18) ; 
also as rod-like transparent forms. They occasionally so increase in abundance as to 
make the rock lose the aspect of a glass and assume that of a dull flint-like or enamel- 
like stone. This devitrification can only be properly studied with the microscope. It 
is rare to find the glass of obsidian perfectly free from crystallites. They are fewest in 
the highly pumiceoua parts of the rock, as if the sudden expansion of the vapours 
enclosed in the magma had led to the chilling of the molten material, thus preventing 
the microlitic minerals from crystallising before the solidification of the glass. ^ Dull 
grey enam,el-like spherulites appear in some parts of the rock in great abundance, drawn 
out into layers, so as to give the rock a fissile structure, while steam- or gas-cavities 
likewise occur, sometimes so large and abundant as to impart a cellular a8][)ect. The 
lithophyses above referred to are conspicuous in some of the Yellowstone obsidians.* 
The oocurrenco of abundant sanidine crystals gives rise to Porphyrihe Obsidian. Many 
obsidians, from the increase in the number of their steam-vesicles, pass into pumice. 
Now and then, the steam-pores are found in enormous numbers, of extremely minute 
aixe, as in an obsidian from Iceland, a plane of wiiioh, about one square millimetre in 
size, ha.s been estimated to include 800,000 pores. The chemical compo.sition of obsidian 
may be judged from the analysis of two characteristic examples given m the table on 
p. 212. The 8|K!cifio gravity of the glassy rocks being normally le.ss than that of the 
crystalline foims, obsidian is less heavy than rhyolite; its specific gravity averages between 
2*85 and 2*45. This rock occurs as a product of the volcanoes of late geological periods. 
It is found in Lipari, Iceland, and TenerifTe ; in North .\meric8, it has been erupted from 
many {loints among the Western United States ; it is met with also in New Zealand.® 

Pumico (1‘once, Bimstcin)— a general term for the loose, sjM)ng), cellular, 
filamentous or froth -like parts of lavas, but when the word is used l)y itself it is 
generally understood! to refer to the Khyohto family. So distinctive is this structure, 
that the term pumicmis has come into common use to describe it. Tlierc can be no 
doubt that this froth-hke rock owes its peculiarity to the abiimlant escape of .steam or 
gas through its mass while still iii a .state of fusion. The mo.st jierfect forms of pumice 
are found among the acid lavas, but the same typo of structure may bo .net with in the 
lavas of the intermediate and basic 8oric.s. Alicnuscopic examination of a rhyolitic 
pumice reveals a glass crowded with enormous numbers of minute gas- or vapour-cavities, 
usually drawn out in ono direction, also abundant cry.sta]lites like those of obsidian. 
Owing to it.s porous nature, pumice possesses great buoyancy and readily floats on 
water, drifting on tlie ocean to di.stauces of many hundreds of miles from land, until 
the cells are gradually filled with water, when the floating mas.ses sink to the bottom.* 
Abundant rounded blocks of jmmice w'cre dredged up by the Challenger from tlie floor 
of the Atlantic and Pacific Oceans. 

Perlite (Pearlstone) was the name given to wliat was at first sup})o.sod to be a 
distinct rock species, but which is now recognised to bo only a phase in the devitrification 
of an acid volcanic gla.ss. As the word indicates, the .structure of the nx'k presents 
enamel-like or vitreous globules which, occasionally assuming iwlygon^ fonns by 
mutual pressure, sometimes constitute the entire rock, their outer jxirtions shading off 

^ Monogr. U. S. 0\ iS. xxxii. Part ii. p. 403. 

“ Monogr. U, S, O. S. No. xxxii. Part ii. chap. x. 

® Most of the memoirs on rhyolite above cited treat also of obsidian. 

* Oif porosity hydration, and flotation of pumice, see Bischof, ‘C'hem. mid Phys. Qeol.’ 
suppl. (1871), p. 177. 
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into each other, so as to form a compact mass ; in other cases, separated by and 
cemented in a compact glass or enamel. They consist of successive very thin shells, 
which, in a transverse section, are seen as coiled or spiral rings, usually full of the 
same kind of hair-like crystallites and crystals as in the more glassy parts of the 
rhyolite (Fig. 8). As these bodies both singly and in fluxion -streams traverse the 
globules, the latter may be regarded as a stnicture developed by contraction in the 
rock, during its consolidation, analogous to the concentric splieroidal structure seen in 
weathered basalt (Fig. 94). Among these concentrically laminated globules true 
spherulitcs occur, distinguished by their intornal ratliating fibrous structure (Figs. 6, 16b 

Regarding the origin of the members of the rhyolite family described above, there 
can be no great diversity of opinion, for they are so fresh and present their structures so 
clearly that their history can readily be followed through its successive stages. In the 
rocks of which an account has now to be given the history is not always so manifest. 
Tliey are of all ages, going back to older Palaeozoic and even pre-Cambrian times. 
They include a serie.s of varieties which range from thoroughly lithoid and even crystal- 
line structures to a completely vitreous condition. The German school of iietrographers, 
making use of relative antnimty as a basis of separation, has grouiied tliese rocks with 
the quartz-porphyries and pitchstones, regarding them as quite distinct from the 
rhyolites. The British School, on the other hand, finding essentially the same 
•structures in them as in the rhyolites, has been unable to make any separation between 
the two groups of rock, and places them all in the Rhyolitic family. Formerly the 
lithoid varieties were classed under the general name of “felsites” (“ felstones"), but 
this term has been so iliffereiitly employed that a careful definition is required of the 
sense in which it is used. By many writers it is now applied rather to a fine-grained 
lithoid texture than to a special sfiooies or variety of rock. The history of this word 
and the diflicnlties which have attended the study of the rocks to which it was applied 
are well stated by Miss Bascom, who has investigated an important series of ancient 
volcanic rocks in the South Mountain, rennsylvania, in the course of which she came to 
realise the unsatisfactory character of the nomenclatuie, and to jtropose an arnendnient 
of it.* She ha.s proposed to place with the quartz por|*hyrics all the acid volcanic rocks 
which were originally holocrystallino or whose original character is in doubt, and to 
group under the term Ajmhyohtc all those which by their structure can be shown 
to have bech once glassy. This new term would include moat of the felsites of the 
British School and much of what is called “ felhitfels ” on the Continent. 

Under the name of Fclsito (Felstone), Felsitfels or Aporhyolite, a large 
series of rocks may be grouped which appear for the most |>art to have been originally 
vitreous lavas like the rhyolites, but which have undergone complete devitrification, 
though frequently retaining tho perlitic, spheruhtic and flow-strucUiros. They vary in 
colour from nearly white through shades of grey, blue and red or brown to nearly black, 
often weathering with a white crust. They are close-grained in texture, often breiking 
with a subconohoidal fracture and showing translucent edg»*8. Borjihyritic felspars 
(both orthoclase and plagioclase) and blebs of quartz are of frequent occurrence. The 
flow-structure is occasionally strongly marked by bands (taxites) of dilferent colour, 
texture and partly also of com position, sometimes cuiiouHly bent and curled ovar, indicating 
the direction of movement of tho still unconsolidated rock. The spherulitic structure 
also may be found so strongly marked that the individual sphendeM measure an inch or 
more ii^iameter, so that the rock seems comjiOHed of an aggregate of balls, and was 
formerly mistaken for a conglomerat€*(/V»‘07n<'nrf«, nodular fdaiU).'* Under the micro* 

^ Joum. Geol. i. (1893), p. 829 ; Bull. V. S. d. S. No. 180 (1890), chap. iv. ; J. Morgan 
Clements, Joum. Geol. iii. (1895), p. 817. 

’ On nodular felsites see Professor Bouney, Q. J. G. S. xxxviii. (1882), p. 289 ; 0, Cole, 
Q. J. 0. S. xlL (1885), p. 162 ; xliL p. 183 ; Miss Raisin, op. at. ilv. (1889), p. 247. Barker, 
“ Bala Volcanic Rocks," 1889, p, 28. 
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•cope man j of the typical liraetares of rhyolite can be detected in these rocks. One of 
the earliest observers who recognised these features was the late Mr. Allport, who described 
some ancient examples of perlitic structure from Shropshire in what were probably once 
ordinary rhyolites,* and Mr. Rutley afterwards detected the presence of the same 
structure in the Lower Silurian lavas (felstones) of North Wales.^ 

The ground-mass of these rocks, as already remarked, has given rise to much 
discussion, but it is now generally recognised as an altered condition of the devitrifica- 
tion of an original vitreous mass (p. 149). Secondary changes have in large measure 
destroyed the original microlitic structure, but traces of it can often be found, while 
the spherulitic and perlitic forms frequently remain almost as trcsli as in a recent rock. 
Rooks having these characters have been found abundantly as intorbedded lavas with 
accompanying tuffs and agglomerates among the Silurian and older rocks in Wales 
and Shropshire, in the Lake District, and in other jmrts of the British Isles. They have 
been met with on the Continent of Europe even pf pre-Cambrian age, as in Finland. 
Extensive areas of them occur also in different parts of the United States. 

Under the name of Felsite porphyry ?rofe.ssor Tschermak has groujtcd a series 
of rocks having a compact ground -mass of quartz and alkali -felspar, with scattered 
porphyiitic crystals of orthoclase but not of quartz, and having the chemical com- 
position of quartz - porphyry. The name has likewise be^n employed in the same 
sense in the United Stato.s, and ap|)lied to dyke-rooks showing .sometimes flow-structure 
and apparently resulting from the devitrification of an original gla.ssy magma. Crada- 
tions from such roeks into syenite porpliyiy have also been noted.'’ 

Pitehstone, like Felsite, is a term now more, usually employed to denote a peculiar 
condition of the less perfectly glassy acid rocks than any one special roek-sjiecies. The 
rocks so de.signatcd possess a resinous or pitch-like lustre, and show internally a more 
advanced development of mierolites than in obsidian. They thus lepresent a further 
stage of devitrification. These rocks are easily frangible, breaking with a somewhat 
splintery fracture, translucent on thin edges, with usually a black or dark green colour, 
that ranges through shades of green, blown, and yellow to nearly white. Examined 
microscopically, they are found to eoiisist of glass in which are dilfuscd hair- like 
feathery and rod -shaped mierolites, or more definitely formed crystals of orthoclase, 
plagioclasc, quart/, Jiornbleiide, augitc, inaguetile, Ac. The pitehstone of Corriegills' 
in the island of Arran, presents ahnndant green, feathery, and dendritic mierolites of 
hornblende (Fig. 13). ■* Oeea.sionally, as in Arran, piteh.stone assumes a spherulitic or 
perlitic structure. Sometimes it becomes porphyritic, by the dcvelo|)ment of abundant 
aanidine crystals. Rocks possessing pitehstone cliaracters arc found as intiusive dykes, 
veins, or bosses, probably in close conneetion with former volcanic activity, as in the 
case of the dykes, Mhich in Arian tra\eise Lower Caiboiiiferous locks, but are probably 
of Miocene age, ami those wliich in Meissen send veins thioiigli and over.spread the 
younger Paheozoic felsitc-porphyrii-.s. 

iii. Syk.nitk Family. 

Syenite. ---This name, formerly given in England to a granite with hornblende 
replacing mica, is now restricted to u rock consisting essentially of a holocrystalline 
mixture of orthoclase and hornblende, to which i*lagioclase, biotite, aiigite, magnetite 
or quart/ may be added. As already mentioned, the word, first used by Pliny in 
eference to the rock of Syene, was introduced by Werner as a scientific ijcsigiiation. 

It was applied by him to the rock of the Plamyscber-Grund, Dresden ; lie^lerwards, 
however, made that rock a gieenstone. The liase of all .syenites, like that of granites^ 

* q, J. a. S, xxxiii. p. 449. ^ Op. at. xxxv. p. 508. 

* Tschermak, Sitzb. Acad. Vienna, Ivi. (1867), p. 305. L. V. Pii-sson, JlaU. U. S. G. S. 
No. 139 (1896), p. 103. 

* Sec F. A. Gooch, Mtn. Mittheil. 1876, p. 185. Allport, Uetd Maij. 1881, p. 438. 
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is thoroughly crystalline, without an amorphous ground-mass. The typical syenite of 
the Plauenscher-Grund, fosnierly described as a coarse-grained mixture of flesh-coloured 
orthoclase and black hornblende, containing no quartz, and with no indication of plagio- 
clase, was regarded as a normal orthoclase-hornblende rock. Microscopical ^search lias, 
however, shown that well-striated triclinic felspars, as well as quartz, occur in it. Rocks 
which may be classed together under the general designation of syenite may W sub- 
divided into three groups : Ist, Syenite proper or Hornblende syenite, consisting of 
alkali-felspar and hornblende ; 2nd, Mica-syenite, a mixture of alkah-felsfiar and biotite, 
and 3rd, Augite-syenite, made up of alkali-felspar and augite or diallage. Some varieties 
of syenite have been distinguished by 8}»edal names. Monzonite, named after Monzoni 
in the S.E. Tyrol, is thei'e an augite-syemte consisting of a crystalline aggregate of 
orthoclase, plagiocla.se, and augite with n little accessory biotite. The tcirn, however, 
has been greatly widened in its u.se by Profc.ssor Brogger, who iiioliules in it a large 
group of rocks intermediate betw'een granites auid syenites on the one hand, and dioriles 
and gabbros on the other, with a .silica percentage ranging from 78 ]H*r leiit at the one 
end (acid quartz-monzonite, Adamellite) to 4b per cent at tlie other (olivine-moiizonilt'). 
Other types have been distinguished in Southern Norway, chiefly by Hrogger's mimite 
reseai'ches. Among these is Lunrvikite, an aggregate of soda-orthoclase or soda-micro- 
cline (seldom also plagioclase) with a little pyroxene, hoinhlcndc, olivine, magnetite 
and apatite. A more acid variety in the same region has been named Akonto (quartz- 
syenite) and contains in addition to the alkali-felspar, plagioclase, greenish pyroxene, 
biotite and a little (juartz. Nordmarkite is another aeid quartziferoiistype eontaining, 
besides its orthoclase (or niicrojierthite and acid oligoelase) and quartz, biotite, horn- 
blende, pyroxene, always sphene, some aegerino and zireon, iron-ore and apatite ; its 
silica percentage is from 60 to 64, with about 12 or 13 per cent of alkalies, the soda pre- 
dominating.* Another basic vaiiety iccently found among the intrusions comiectod with 
granite in Argyllshire and named Kentallenite, consists of olivine and augib^ with oitho- 
clase and augite in varying proportions and biotite ’■* 

Like the granites, the syenites include aplitic (sycnite-aplitc) and jK'giuatitic (syenite- 
pegmatite) varieties. These are well displayed in the Cliiistiania legioii, wheie they 
have been studied in great detail by Brogger. The jK*ginatite veins are there )>arti(;ulorly 
rich in rare minerals.* 

Syenltfl-porphyrry— a name given to rocks having the mineralogical and chemical 
constitution of syenites but showing phenocrysts of orthoclase, hornblende, biotite or 
augite dispersed through a holocrystalline ground-mass without any non-crystalliue base. 
They occur princijially in dykes. The analysis of an example of thest* is given in the 
accompanying table. Where the syenitic inab'ual has been injei tcd into narrow lissures 
and has solidifiecl as an exceedingly com|)act rock it has Isien called Si/enif^-aphantte, 

The syenites are less abundant than the granites, but occur in similar relations to 
the surrounding rocks. They are found as hosses, intrusive sheets and dykes, and, like 

* See Blogger’s monograph, “ Die. Kruptivgesteiiie des Kristiaiiiagebietes, ' Parts i. anil li. 
(1894-95). This volume contains a full suiumury of the literature connecled with the geology 
of the Monzoni and Predazzo region. References to siibHcquent )>a})er8 will lie found in Dr. 
J. Romberg's “ Geologisch-iietrograpbische Studien ini Gebiete von Preilazzo," SUz. lierhn 
Akad., 1902, pp. 675, 731. More than two hundred separate comprehensive meriioirs in five 
different languages have l>een contributeil to the dlw'iiwiion of this classic fiart of Euro|>e. 
The latest^ntribution, by Dr. Romberg^gives only the first instalment of a renewed study 
of these rocks, based on a larger collection of .sjwcimens (2000), a fuller series of microscopic 
slides (more than 1000), and a more detailwl chemical examination. 

* Messrs. Hill and Kyuaston, Q. J. (J. S. Ivi. (1900), p. 531. 

* BrSgger enumerates no fewer than seventy-three minerals from these veins, “Die 
Mineralien der Syenitpegmatitgange dcr Budnorwegischen Augit iind Nepheline-syenite," 
ZeUiK fur. Kryat. ivi. (1890). 






tia 




BOOK ^ BiBT n 


the granites, present vsrions interesting types of more basic character in their peripheral 
and divergent portions. « 

The specific gravity of tlie syenites ranges between 27 and 2 '9. Their variations in 
chemical composition are partly shown in the following table of analyses : — 



1 

'• 

H. 

III. 

IV. 

1 

V. 

VI. 

SiOo . . . 

aiA 

59-83 

62-52 

65-43 

61-28 

66-90 

62 58 

16-85 

14-13 

16-11 

14 71 

18-50 

16-42 

. . . 



1-15 

1-21 

0-17 

2-46 

FeO . . 

7-01 

7-38 

2-85 

2-85 

4-61 

1-96 

MgO , . . 

2-61 

1.50 

0-40 

1-69 

5-10 

1-84 

CaO . . . 

4-43 

3-36 

1-49 

5-61 

6-17 

2-47 

Na.O 

2-44 

6-25 

5-00 

2-99 

2-99 

4 -.57 

KjO 

6-57 

8-05 

5-97 

7-70 

4-14 

3-91 

HaO . ! 



0-58 

0-71 

0-51 

1-78 

TiOa 



0-50 

0-41 

0-19 i 

0-40 

\\o, . . . i 



0-13 ! 

0-16 

0-79 

0-33 

Zi0.i . . i 

MnO 



0-11 j 

SrO,0-04 

. , SiO, 0-10 



0 23 

trace 

trace ! 

0-08 

BaO 



0 03 1 

0-72 


0-41 

CO, . . . 1 

F . . . . ; 



trace < ' 

0-08 i 


1 

0-77 

Cl . . . : 



0-05 1 


trace 


FeSn . . . 1 



0 07 i 




SO.,. 



0-08 j 


i 


Loss 

i-29 

1-20 1 






101-03 

90-39 1 

I 

100 18 , 

100-16 

100 07 

100-08 


I. From the Plancnscher-Orund, Dresden : coarse gianular, with fresh pink ortlio- 
clasH and black hornblende, some microscopic plagioclase, quartz and titanite ; 
contains a trace of TiOo. Zirkel, Voggend. Ann. cxxxii, (18t>4), p. 622. 

II. From Vetakollen, Norway : a pink fine-grained rock with ortlioclase, a very little 
oligoclase and black hornblende. Kjerulf, ‘Christiania Silur-beckcn.’ 

III. From Mount Ascutney, Vermont, United States. Analysed by Dr. Hillcbrand, 

B. V. S. G. (S'. No. 168, p. 24: a syenite containing hornblende, augite, orthoclase, 
microjierthite, plagioclase, biotite, quartz, magnetite, spheiie, apatite and zircon, 

IV. Augite-syenite, Turnback Creek, Tuolumne County, California. Analysed by H. 

N. Stokes, op. cit. p. 204 : contains orthoclase and augite, with less plagio- 
claso and quartz, 

V. Augite-mica-syenitc, Turkey Creek, .Tefferson €ounty, Colorado. Analysed by L 

O. Kakin*', op, dt. p. 140; contains orthoclase, augite, biotite, rhombic 
pyroxene, hornblende, plagioclase, quartz, apatite and magnetite. Sp. gr. 2’857. 

VI. Syenite- porphyry from intrusive sheet near Togo Peak, Montana. Analysed 
by Dr. Hillebrand, op. cit, p. 127 ; abundant phenocrysts of hornblende and 
orthoclase, with less biotite and plagioclase, in a ground-mass of alkali- felspar, 
with accessory quartz ; also contains iron-ore and apatite, with secondary 
calcite, chlorite, sericito and kaolin. 

Orthophyre (Quartz-less Orthoclase-porphyrj) holds to the syenites a simSar relation 
to that which the quartz-porphyries (felsites, aporhyolites) hold to the granites. It is 
composed of a compact brown, reddish, or grey ground-mass, mostly micro-crystalline 
but sometimes miorolitio (felsitic), through which are usually scattered numerous 
crystals of orthoclase, sometimes also a triolinio felspar, black hornblende and glancing 
scales of dark biotite. It contains from 55 to 65 per cent of silica (see table on p. 220), 
thus differing from quartz-porphyry in its smaller proportion of this acid. It is also 
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rather more eaaily aoratched with the knife, but except by chemical or microscopical 
analysis, it is often impossible to draw a distinction between this rock and its equivalents 
in the acid series. It occurs in veins, dykes, intrusive sheets and likewise in sheets of 
lava that have flowed out at the surface. It is met with in all these forms in the 
volcanic series of the Lower Old Red Sandstone in the south of Scotland. 

A variety of this rock is the well-known Rhomben-porphyr of Southern Norway, 
which is distinguished by its large orthoolase or microcline crystals set abundantly in a 
fine-grained dark-grey ground-mass. Blocks of this easily recognisable material have 
been transported during the Glacial Period as far south as the coast of Norfolk 

Karatophyro— a term that has been variously used since first pro}K)s<!d by Gumliel in 
1874, is best applied to a compact porphyritic rock in which the prevailing felspar is a 
soda-bearing 8|)ecie8, instead of the ordinary orthocla.se of the ortliophyres. The silica 
percentage ranges between 60 and 70. Some varieties wherein quartz becomes conspicuous 
are called Quartz-keratophyre, and have sometimes as much as 75 or SO per cent of 
silica. These may be regarded as soda-quartz-jiorphyrics, and the onlinary keratophyres 
as soda-orthophyres. The difference between the composition of the two types is shown 
in the table, p. 220. 

Bostonita — a fine-grained, liighly-felspathic rock with a tiachytoid structure and 
fracture, usuall}' pale in colour, poor in daik minerals, hut showing scattered crystals 
of orthoolase with a little plagioclase and sometimes a little qnaitz. Owing to its 
usually decomposed condition the constituents and structure of this rock are not always 
satisfactorily di.scernihlo. It occurs in dykes. The composition of a characteristic 
example is shown in the table, p. 220. 

Porphyrite— a term formerly applied to aneient altered forms of andesite, is now 
generally restricted to rocks especially found in dykes, wherein a lime soda felspar is 
predominant with a more or le.ss marked porphyritic structure, large felspars being dis- 
tributed through a fine groiind-inass together with hiotite, augito or horiihleiido. The 
term ‘ l’or[>hyry ’’ a.s a siitfiv has been adopted bv Rosenhnscli and other pelrographcrs 
in the sense alieiuly explained (p 208). 

L&mprophyre. — Thus general term now coinpii.scs a soiics of intrusive rocks that 
occur in dykes and sills composed of alkali-felspar and lime-soda felspar, black mica, 
hornblende, augite, magnetite, and apatite. Tlieii structure is granular or compact. 
Owing to the freipierit prevalence of black mica some of the series were onginallv known 
as “ mica-traj)s.” The rocks named Mmette, Vogesite, Monehiquite, with their varieties, 
are classed as members of the Lampropliyre gioup.* 

Kinette — a close-grained to granular rock, with a ground-mass often exceedingly 
compact, through which are dispei’sed hiotite, orthoclasc, plagioclasi’, augite, apatite 
and iron-ore. The augite may he a pale green diopsule. Tin* iniea has a clmracteristic 
minute structure seen under the microsco|ie. In thin dykes the grouinl-mass prestmtH 
a somewhat trachyte-like arrangement of felsjwr laths, hut in thicker masw's it heromes 
coarser and more indefinitely granulii. Mmette js one of the mica traps fre^jiiently found 
as veins and other intrusive bodies. 

Keriantite —distinguished by the ahimdaiue of dark mica crowded in its ground- 
maas, together with a govxi deal of augite, in the malacolitic form, but generally with 
little or no hornblende. 

Vogesite— in this rock, while the greyish or black ground-mass consists of orthoclose, 
abundan^ phenocrysts of hornblende or augite aie dispersed, these minerals taking here 
the prominent place that black mici^does in the miiicttes. Under the microscojie the 
alkali-felspar is found to be united with a small admixture of laths of plagioclase. The 
hornblende is likewise lath-shaped, so that, as in minette, a trachytoid structure is 
produced. The rock is another of the series of masHcs that ocour intrusively in dykes. 

• For an account of the [.ainprophyres of the classical district of the Plauenscher-dmnd, 
see B. Doss, Tschermak’s Mineral. MUJJieii, xi. (1889;. 
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I. 

11 . 

nr . 

IV. 

V- 

VI. 

VII. 

SiO.. 

59'17 

63 -.58 

77-29 

6011 

51-65 

52-26 

45-16 

AljO, 

19-73 

13-60 

14-62 

19-01 

13-89 

13-96 

15-39 

FeA 


6-71 

trace 

4-63 

2-70 

2-76 

2-76 

Fe6 

1-71 

4-77 


0-37 

4-80 

4-45 

5-64 

MgO 

0-40 

2-58 

0-38 

0-23 

11-56 

8-21 

6-38 

SrO 






0-05 


(JaO 

3-92 


tnice 

0-66 

4-07 

7-06 

8-83 

Na^O 

3-54 

5 -’25 

7-60 

6-58 

2-99 

‘ 2-80 

2-67 

K .,0 

4-03 

0-32 

0-16 

5-36 

4-15 

3-87 

2-77 

Li^O 






trace 

trace 

H ,0 


2-’94 

0-57 


3-19 

• 2-87 

2-85 

TiOj 




0-96 

0-55 

0-.58 

2-80 

PsO, 





0 21 

0 - 5-2 

0-56 

Cr^Og 





0-08 

trace 


MnO 




trace 

0-15 

0-14 

0-14 

BaO 





0-19 

0-23 


SO3 





0-19 



CO.3 

2-52 



0-81 


0 49 

4 27 

Loss 

3-40 



1 .37 





98-42 

99-45 

100-62 

100-07 

100 -.37 

100 -25 

100 21 


I. Orthophyic from Prcdaz/o, Tyrol : vein of somewhat weathei pd rock showing ])ink 

orthoclaso without quartz, Kjerulf, “Christiania Silurbcckcn " ( 1855 ). 

II. Koratopliyro from Rosen buhl, near Hof. Analysed by Loretz. 

III. Qmvrtz keratophyrc, near Rathdrum, County Wicklow. Analyse<l by Dr. F. V. 

Hatch 

IV. Hostonitc, Tutvot, Hcdrnm, Southern Norway. Analysed by Rnigger. 

V. liamprophyre, Cottonwood Creek, Montana. Analysed by Chatard ; an indeter- 
minate ground-m<a.ss carrying augitc, iron-o\ides and mica, with porphyritic 
augite and olivine. 

VI. Minette, Sheep Creek, Little Belt Mountains, Montana. Analysed by Hillebrand : 

taken from a fre.sh and rather coarse-grained lock. 

VII. Vogesite, Fourmile Creek, Castle Mountain District, Montana. Analysed by 

Pirsson : contains augite, hornblende, iron-ore, a little plagiocbise, orthocla.se, 
ottlcito and some decomposition products ; specific gravity, 2 '70. 

iv. Ki.*OUTE (NKrHEUNK)-SYKNlTE FAMILY, 

In this family is comprised a .series of rocks in which the alkali-felspar is accompanied 
by olfeolite (nepheline), but where no exce.ss of silica has crystallised out in quartz. 

ElaoUte-syenite {NepfwlUu’ Sfjenite), characterised by the association of the variety 
of nepheline known as elirolite with orthoclaso, and with minor proi)ortions of 
microoline, plagioclase, pyro.\eno, hornblende, biotite, sodalite, magnetite, titanic iron, 
zircon, spheno and other minerals. It is distinguished by the large number of minerals 
that occur in it or in the pegmatite, dykes associated with it, and in which >501116 of the 
rarer elements are combined, such as thorium, yttrium, ceri..m, lanthanuni tantalum, 
niobium, zirconium, &c. It is typically develope(^ in Southern Norway (Brevig^Laurvig). 
The structure is sometimes coarse and granitic, with largo rounded aggregates of felspar, 
elsBolite and the bluish sodalite ; sometimes it presents an as.semblag6 of tabular or 
lath-shaped felsivai's between which the other two mineials are enclosed, and a more or 
loss parallel arrangement is prckluceil. 

This intrusive iwk has been typically developed in Southern Norway, where it has 
been studied iu great detail by Brogger, who in his elaborate monograph supplies detailed 
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information regarding its geological relations, chemical composition, and more especially 
its remarkable accompaniment of pgmatite veins with their astonishing assemblage of 
minerals. The whole complex of intrusive materul is shown t«) be later than Silurian 
time. Three types of structure have been distinguished in this material by Hrogger ; 
Ist, the chief rock, pi'esenting the coarsest aggregate of mineials ; 2nd, a medium- 
grained granular or granitic structure ; and 3id, a tiner-grained diabnse-like arrangement 
of the tabular felspars. The lirst of these types he has called Laurd ah t e, characterised 
by the hypidiomorphic arrangement of its large suhj*arallcl felsjmi-s and the abundance 
of its laigo hypidiomorphic kernels of el-.eohte.* From a half to Uo- thirds of the rock 
consists of cryptoperthite (soda-orthoclav) and soda-miorocline (anorthoclase of Rosen - 
busch), with a little microjicrthite. The ehvolite is freciucntly but not always accom- 
panied by sodalite. Cancrinite occurs spanngly and appears to he a result of the 
alteration of the nepheline. The miea is lejudomelan, and comes next to the Iels|)ar8 
and elicolito in abundance. Pyroxene ap|»ears sometimes like diallagt', sometimes as 
diopside. Aegerine occurs sparingly in some varieties. The hoiiihlende mineials are 
usually absent from the typical rock, as also is olivine. 

Ditroite— a term which has been applied to several xaiieties of nepheline-syeiiito 
rocks, is restricted by Hrogger to his second tyjie, ]>osae.ssing a nuiniHl granitic (eugianitie) 
structure. In like manner ho makes use o( the tenn Foyaile, which was smnewhat 
vaguely employed even foi rocks which contain little oi no nepheline, and applies it 
to hi 3 third type, which is maiked by a tiaehytoid airangeineiit of the constituent 
minerals.- 

Pulaskite— ail acid rock relatively pour in alkalies, with little or no nepheline, has 
been classed with the nepheline-syenites, but passes into the syenites with soda. 

Miaskite -a name taken from Miask in the Ilmongebiige, is applied to a coarse 
granitoid aggregate of oithoclase, ekeolite, and black mica, the last mincia! being 
specially characteii.stic. 

Zii con-syeiiite, as the name denotes, is a vaiiety iich in zircon. 

Tinguaitc--a rock with a line-grained giounilniaH.s, consisting of an aggregate of 
felsiwr, nepheline and aegenne, with some accessoiy mica and apatite, through which are 
dispersed crystals of soda-orthoclase, pyioxenc, hoinhlende, daik mica, a good deal of 
neplicline tilling iiiteispacc.s, and apatite. It is one ol the rocks found as dykes, and 
IS well developed in Southern Norway, where it ocems ns one of the .senes of intrusionH 
connected with the .syenite. A vaiiety, distmguislied as “ leucite-tinguaite," has been 
described from dillerent paits of the UniKsl States, especiall) Aikansas, New Jersey, 
and Montana. An example locently found as a dyke in the post-t’ambrian olieolite- 
syenite of Sussex County, New Jeisey, contains f.O per cent of silica, and is roughly 
estimated to be made up ot pyroxene 22 pei cent, neplielme :J(>, orthoclase 38, litaiiite, 
apatite, ic., 4 *' 

Sol vsbei gite — Pnder this name Hioggei has descnbefl a number of roek.switli 
little or no ijuart/, which form part of tlic great senes of d}kes in Southern Norway. 
They are of medium or line grain, consisting ohielly of alkali-felspais (mostly albite ami 
inicrocline) with aegerine; but in the im»re, b.isi<- vaiioties cairying, instead of flie 
aegerine, sometimes hornblende (Aato/uri^.'). sometimes also a peculiar mica ; while in 
the most ba.sic kinds the quartz disappears ami nepheline is present. In chemical 
comiK)8ition they stand between the highly .piart/iferous giorudites and the nepheline- 
bearing ti^guaifes * An intrusive lock in the Crazy Mountains, Montana, ha.s been 

"^‘llie Sdo^r. EU^’ Christiania (18*2;, p. 273 ‘ Mineial Hjenitpegmatltguuge,’ 1890, 

^MJiogger, - Die Silur. Etage.' ii. and in. (1882), pp. 273-283. ‘Die Eruptivgest- 
Kristianiageb.' iii. (1898), pi». 7, 162, 

“ J. E. Woltf. Iiull. Mu.',. Com/xii. Zool. Hanmd, x\x\iii. (1902), p. 273. 

* ‘Erui>li\ge'.l. Kii^ti.im.sgel',’ i. (1894), p. 67. 
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described by Messrs. Wolff and Tarr under the iiaiue of Acmite-trachyte ; it contains 
large porphyritic crystals of a tiiclioic felspar which enclose a^iatite, sodalite, augite, 
aegeriae and biotitu ; also crystals of sodalite and augite in a ground-mass of trachytic 
type, composed essentially of slender lath-shaped felspars and acicular crystals of 
aegerine, with needles of acmite, and also apatite and magnetite.^ 

Borolanite— a rock associated with a large mass of igneous mateiial which has 
disrupted and altered the Cambrian limestone of Loch Borolan, in tlie county of 
Sutheiland.® It is of medium grain, dark-grey, with white patches, and consists of 
orthocluso, plagioclase, melanite, nephelinc in an altered condition, pyroxene and 
biotite with apatite, sphone and iron-ores as accessary constituents. Its chemical 
constitution is shown in the table on p. 223. The rock is a member of the elaeolite- 
syenite family, but is disiiugnished by the presence of black garnet (melanite) as an 
essential constituent. . 

Some eiuptive rocks may jKirhaps be most conveniently ])laced liero wliich do not 
fall naturally into any of the other familie.s, but some of which may be taken as types 
of distinct families, 

Shoakinite-- a rather coaise-gi.imilar holocrystalliue rock, composed essentially of 
orthoclase and augite, the latter inineial being so abundant as to form at lea.st one-half 
of the mass by volume and a gieater proportion by weight. The rock contains likewise 
smaller amounts of olivine and iron-ore, with accessory apatite, sodalite, nepholine, 
biotite, etc. It lias been found and described by Messrs. Weed and Pirssoii in the 
Highwood Mountains, Montana, from the Indian appellation of wliich (Shonkin) they 
have named it. They regard it as a distinct rock-type allied to the vogesites and 
minettes. It.s composition is shown lu the annexed table, 

Ijolite— a granitoid rock consisting essentially of ebeolite and pyroxene, tirst found 
in dykes in Finland and more recently in Arkansas. It consists largely of nephelite and 
pyroxene (diopside) with melanite, aegerine, titanite and apatite. At Magnet Cove, 
Arkansas, it forms one of a series of stages of ditrerentiation.® It is allied in composition 
to the nephelinitcs. 

Maligmita— a name given by Professor A. C. Lawson to a family of rocks which form 
an intrusive mass iu the Coutcliiching schists of Poohbah Lake near the Maligne River, 
in the district of Rainy River, Province of Ontario, Canada. They are characterised as 
holocrystalline, with predominant orthoclase, having often an acid plagioclase in micro- 
scopic intergrowth, aegerine-augite as their constant ferromagnesiau silicate, with biotite 
and a soda-amphibole. He distinguishes three types among them. (1) Nepheline- 
pyroxene-maligiiite (sp gr. 2‘879), resembling externally a felspathic dolerite, and 
composed of orthoclase, nepheline, apatite, abundant black pyroxene, occasional plates 
of brown biotite and rare grains of sphene, and having a silica percentage ranging from 
47 '83 to 49T6 ; alumina, 18T6 to 20*1 ; ferric oxide, 2’74 to 7 ‘39 ; ferrous oxide, 0'8 
to 6’88 ; lime, 6 4 to 16’70 ; magnesia, IT to 5'76 ; potash, 3’68 to 7T ; and soda, 1T8 
to 5-5. (2) Garnot-pyroxene-malignite, chaiwcterised by its prominent large thick 
plates of pale pink orthoclase imbedded in a parallel position iu a dark green moderately 
fine-grained holocrystalline matrix, which is an aggregate of aegerine-augite, melanite, 
biotite, sphene and apatite. The specific gravity of the rock is 2 88. (3) Amphibole- 

maliguite, tliffers from the last-named type in the smaller size of its orthoclase crystals, 
in the mucli coarser texture of the dark green to black matrix in whicli they are 
imbedded, and in the preponderance of a lustrous black arnphibole in graiws of large 
size.* ' 


* BuU. Mtu. Owapar. Boot, Ifarvard, xvi. (1898), p. 227. 

Messrs. J. Horne and J. J. Teall, Tratu. Roy. Soc. Sdin. zxxvii. (1892), p. 163. 

* H, 8. Washington, “The Foyaite-ljolite series of Magnet Cove : a Chemical Study in 
Differentiation,'' Joum. CM. ix. (1901), p. 607. 

4 A. 0. Lawson, BvAL Oed. Univ$rtUy, Odiftmw, vel. i. Ks. 12 (1896). 
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II. 

III. 

IV. 

■■ 

VI. 

VII. 

VIII. 

SiOj . 

54 ■55 

66 45 

i 65 50 

56 58 

64-92 

60-20 

47-8 

46-73 

TiOj . 

1-40 

0-66 

' 0-50> 



0 14 

0-7 

0-78 

AI 3 O, . 

19-07 

21-97 

1 22-45 

19-89 

16-30 

20-40 

20-1 

10 05 

. . 

2-41] 


1 1 -08 

3-18 

3-62 

1-74 

6-7 

8-53 

FcO . 

312 \ 

3-40 

1 1-32 

0-56 

0-84 

1 88 

0-8 

8-20 

MnO . 

0-17 j 



0-47 

0-40 

trace 

0-5 

0-28 

MgO . . 

1-98 

1-19 

' 0-47 

0-13 

0-‘22 

1-04 

1-1 

9-68 

CaO . 

8-15 

2-22 

1 1-60 I 

1-10 ! 

1 1 -20 1 

1 : 

5-4 

13-22 

BaO . 



10-47 1 


1 

! trace j 

1 0-8 


Na,0 . 

7-67 

7-37 


10-72 

1 6-62 

1 6 :10 

5-5 

1-81 

KaO . 

4-84 

5 87 

5-48 1 

5-43 

' 4-98 

i 6-07 

, 7-1 

3-76 

H 3 O (loSJs) . 

0-72 

0-45 

; 0-96 ! 

1-77 

: 0-50 

' 0-33 

2-4 

1-21 

PsOj . 

0-74 

0-28 

1 tiacc 


1 

i 0 15 


1-51 

sb, . . 



1 


1 

! 0 13 

I 0 4 


Cl 





; i 

1 0 09 


0-18 


99-82 

99-86 

1 100 05 i 

1 99-83 

1 99-60 

1 100-47 

1 

99-3 

lOU-97 


1 Ami ZH)2. 


I. Typical Laurdalite, Love, Longemlal. Analysfd by C. : Hrogger, 

‘ Eruptivgest Kristianiageb,' Part lii, p. 19. 

II. Typical Diiroite, Bratholmen, Laiulgangsfjord. Analysed by G, Koraberg : 
Brogger, op. cit. p. 167. 

III. Aegerine-raica, Foyaito, BratUageu. Analysed by G. Foisbcrg. Brogger, op. cit. 

p. 176. 

IV. Tinguaite, Hedrum. Analysed by G. Paykull : Brogger, op. cU., Part li. ji 113. 

V. iSolvsbergite, from the typical locality at Solvsberget. Analysed in laborat. 

L. Schmelk : Brogger, up. at. p. 78. 

VI. Pulaskite, from the tvpe locality, Fourche Mountain, Little Rock, Aikansas. 

Analysed by H. S. Washington, Journ. Geol. ix. (1901), p 609. 

VII. Borolanite, Loch Borolan, Sutherland. Analysed by .L H. Player, J’runn. Roy. 
Soc. Edin. xxxvii. (1892), p. 178. 

VIII. Shqnkinite, from the Highwood Mountains, Montana : Weed and Pirswon, Hull, 
Oeol. Soc. Amer. vi. (1896), pp. 407-416. 

V. Diokitk Family. 

Under the general term Diorite is comprehend'd a group of rocks which, jKissesaing 
a granitic structure, differ from the granites in their much smaller j)erceDtage of silica 
(though one section of them containing free quartz approaches the granites in com- 
position), and from the syenites in containing plagiocliisc (chiefly a soda-lune felspar) 
instead of orthoclase as their chief constituent. Their second constituent is hornblende 
with various accessory minerals. They are 8 onictim«'H divided into two sections, the 
quartz-diorites and the normal diorites. Many of these rocks were formerly included in 
the general division of “Greenstones,’' a word still employed by many field -geologists as 
a tempogary designation for rocks which they encounter and have to trace before 
microscopic and chemical evidence i/availablc to determine their ti ue pctrographical 
character. 

Quarts- iiarlte— a holocrystalline grauitoiii mixture of a lime- soda -plagioclase 
(oligoclase, less fre<iuently andesine or labradorite), quartz and hornblende, with generally 
a small proportion of orthoclase, biotite or augite, apatite or magnetite. It outwardly 
resembles grey granite, and, indeed, includes many so-called granites, but may usually 
be distinguisW from them, even with the naked eye or with a lens, by the striated 



224 


QEOmOSY 


BOOK II FART H 


faces of its felspars. Its silica ranges up to 67 per cent, and its specific gravity rises 
sometimes to 2’05. It is an eruptive rook which occurs in bosses and thick intrusive 
sheets or dykes. 

Diorite (Normal Diorito).— This rock |) 08 sesses the typical granitoid structure and 
consists of the same minerals as Quartz-diorito, except that the quartz is almost entirely 
absent. Hornblende and black mica occur together in some varieties, pyroxene 
characterises others (Augite diorite), while in some biotite greatly preponderates (Mica- 
diorite). Under the microscope the thoroughly crystalline structure is well seen, and 
among the pyroxenc-diorites the felspar and pyroxene arc sometimes found to be inter- 
grown in ophitic aggregates. The mean specific gravity is about 2 95, and the chemical 
com[) 08 ition is given in the table of analyses on the next page. 

Among the vaiieties of diorite, the following maybe mentioned. Dio rite-porphyry 
—a mii rogranitoid ground-mass, plagioclaso (in minute laths), alkali-felspar and quartz, 
with phenocrysts of hornblende, plagioclase, quartz and grains of iron ores. Corsite— a 
granitoid mixture of greyish- white plagioclase, blackish - green hornblende, and some 
quartz, whicdi have grouped themselves into globular aggregations with an internal 
radial and concentric structure (Orbicular diorite, Kiigeldiorit, Napoleonite~Fig. 
7), typically developed in Corsica, whence the name, but found also in Scandinavia.* 
Tonal ite (from Monte Tonale, Tyrol) —a quartz- mica -horubleiule- diorite containing 
dihe.xahodral quartz, snow white plagioclase, hexagonal plates of black mica and stumpy 
prisms of blackish-green hornblende, in strongly contrasted colouis. 

Aphanite.-— As the granites pa.ss into lino grained qnartz-porpliyries, and the syenites 
into compact oithoolasc-porphyrie.s, so the diorites have their close-textnred varieties, 
which are comprised under the general term Aphanite, divisible into Quart>aphanite 
and Normal aphanite. The general characteristic of tlie.so rock's is that the constituent 
minerals become so minute as to disappear from the naked eye. They are daik heavy 
close-gniim'd masses. They merge into the basic diabases (p. 233). 

KeraantiU— a more or less compact mica-<liorite, tliioiigh winch porphyiitic crystals 
of biotite, sometimes of large .size, are dispersed. Ortbocla.se, j»yro.\eno, and even a little 
quartz may be present. The rock is found iii dykes and other intrusive forms. 

Porphyrite. —This term has been already explained, but may bo again mentioned 
here. As it is now applied to rulaiozoic or older intrusive roeks coiiipo.sed mainly 
of plagioclase -fels{)ar with lioiiiblende or biotite or both tlicHo minerals, sometimes 
with a little quartz, crystals of oitboelase, aiigite and other minerals, some varieties 
in composition and structure approach the diorites, others come nearei to tlie andesites. 
Distinctive names aie given to some of these vaiieties, as Ifornblende-pvrphyntc, Horn- 
bleniU-mkai>urphiinlc. 

Camptonite (Hasic Diorite, rorpbyiitic Dioiite) -a name given by Rosenbuscli to a 
group of dark dyke-roek.s. liaving somewhat the aspect of basalt, with a eornpaet ground- 
mass composed mainly of fel.spar microlites with small prisms of biisaltic lioinblende, 
a little biotite, green augite, apatite, titaniferous iron, ami streaks of devitritird glass. 
I’orphyritic crystals of lioniblende wear, more rarely of felspar, wliile .some varieties 
contain analciiiie.* 

Epidiorite- Under this general term is included a gioup of roeks wliirli have 
originally been jiyroxenic eruptive masses), but, by metamorphism, have aeijuired a 
crystalline re-arrangement of their eonstitueiits, the pyroxene being changed into 
hornblende, often fibrous or aetinolitic, tlie felspar becoming granular, an\|^ the whole 
rock having often aojuiied a more or les.s dktiiictly schistose stiucture. ^I'ho dark 
intrusive sheets associated with the cry-stallino schists of the Scotti.sh Highlnmls and 

* N. 0. Holst and K. Eiehstaill, Foren. forliundl. vii. p. 134. 

* Hawes, ‘Mineralogy ami Lithology of New Hampshire,’ 187!^, p. 160; Avirr. Mmm. 
Sci, xvii. (1879), p. 147 ; Roseutuiseh, ‘ Massige Ge.st,’ p. 333 ; Brogger, ‘ Kruptivgest-Kristi- 
aniageb,’ lii. p. 48. 
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the north of Irelaml are largely epidioritea. Some of theae rocks ai-e (juarttiferous, 
hut many of them belong to the basic aeries (p. 2.^2). 

Table showing ihk Chemical CoMPosinoN of some Membebs of 
TRK DioniTK Family. 



1 

11 

III 

1\ 

\. 

1 VI. 

.SiOj 

6.5 97 

62 i 8 

50-73 

48-73 

64-49 

41-94 

A1..0, 

15-7H 

15-77 

19-99 

11-92 

17-25 

15-36 

l''e.,C., 

2-35 

1 -83 

3-20 

4-79 

0-86 

3-27 

FeO 

1-87 

2-44 

4 *16 

4-56 

2-42 

9-89 

MgO 

2-84 

3-5.^ 

3-48 

5-93 

1-24 

5-01 

CaO 

3-71 

4-13 

8 5.5 

9 -24 

3 79 

9 47. 

Na..O 

4-36 

3-92 

4-03 

2-t?2 

1-19 

5-16 

K^o 

4 01 

3-91 

1 89 

2 47 

4 15 

0-19 

H.A) 

0-58 

1-00 

0 77 

1 -52 

0-60 


Tib.. 

0-48 

0-55 

1 -59 

1 -34 

0-51 

4-16 

\\i}. 

O-iO 

0 32 

0-81 

0 32 

0 23 


MnO 

<1 (15 

trace 

0 O'. 

0 36 

tiaie 

0-25 

NiO 

t race 






SO., 


trace 


0 34 



Cl 


0-4 


0-11 



BaO 


0 13 

0 27 

tiaee 

0 30 


SiO 


0 16 

0 11 


0 08 


Li..O 



Inu e 

true.' 

tiaee 

loss 3 '29 

C(5, 




5 SO 


2-47 


10()-4() 

100 2.1 

100-13 

100-05 

100-11 

100-04 


1. dioiitc, Hurruanc Knlgo, Ahsaioka Riing<- Analy’M-il by W. H. Melville, 

H. U S. <1 S i\o 16S, jt. 94; nx’k desctilied by hidings m Mt>,ioijmph xxxii. 
Part ii 

11. Dionto-porphyiy, Steamboat Mountain, Montana. Analysed by W. K, Hillebrand, 
20th Ann, Jit'p. U. A'. (!, S. Part in. p. 517 : r<H k described by Pirssoii. 

III. Diorite from main mass, Big Timber Creek, Cra/.y Mountiiin.s, Montana. Analysed 

by W. F. Hillebrand, B. f’. S. S. No. 168, p. 122; eontauis biolite, ;iiigite, 
labradorite, quaitz, ortlioclase, apatite and magnetite. 

IV. Kersantite, Big Horn Pass, Yellow-Htone. Analysed by Whitlield, rqt. cU. j>. 110: 

rock described by Idding.s {Monograph xxxn. Part ii.), <ontAin8 hornblende, 
Jilagioclase, oitbodase, quait/, augite, biotite, mugnetite, ehloiite, caleite and 
afwitito , the augite and hornblende partly deeninpoaed. 

V. Porpliynte from dyke in contact /one. Sweet Crass Creek, Ciazy Mountains, 

Montana. Analysed by W. F. Hillebrand, /A T. S G. S. No. 1 68, ji. 120: 
contains brown hornblende, biotite and labiadorite in a giound-mass of 
plagiocla.se, biotite and hornblende, wdth a little quart/, and oitlMKdiise. 

VI. Camptonite, from the typical locality, Campton, New Hampshiie. Analysed by 
Hawes, 


' VI. Tbacuyie Family. 

9 

Trachyte— a term originally apjdied to modern volcanic rocks jKissessing .i charac* 
teristic roughness (rpaxor) under the finger, is now restricted to a group of compact, 
usually pale, but sometimes brown and even black p(»rphyntic, frequently cellular, 
rocks, consisting essentially of sanidine, with more or less triclinic felsfiar, augite, horn- 
blende, biotite and magnetite, sometimes with apatite and tiidymitc. They are 
distinguished from the rhyolites (quartz- trachytes) by the absence of free quartz, and 
VOL. I Q 
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bj tho Binallcr proportion of vitreous or microlitic (micro-felsitic) ground-mass. Tlie 
sanidine crystals present sbunciaot steam-pores and glass-inclusions, as well as horn- 
blende-microlites and magnetite. In some varieties, the ground-mass appears to be 
entirely composed of colourless microlites of orthoclase crowded together in what is 
known as “ fluctuation-structure " (p. 131), together with needles and grains of the darker 
silicates and of magnetite ; in others, minor degrees of devitrification can bo traced, 
until the ground-mass passes into a glass (trachyte-glass). The trachytes have been 
groujied as Aug^ite -trachyte, Amphibole-irachyte, ami Biotitc-trachyte. rhonolitic-trachyte 
is a variety in which some slight admixture of sodalite, aegerine or ocmite may be 
detected in drusy cavities or only as microscopic constituents, thus somewhat approach- 
ing the phonolites. In like manner those dark varieties which show a marked 
proportion of triclinic felspar, and thus have some of the characters of andesites, are 
known as Andesitic trachytes. The specific gravity of normal trachyte is about 2*6. 
The chemical composition is shown in the following table. ^ 

Trachyte is an abundantly diffu-sed lava of Teitiary and post-Tertiary date. It 
occiir.s in nio.st of the volcanic distiicts of Europe (Siebengebirge, Na.ssau, Transylvania, 
Bay of Naples, Euganean Hills) ; in tho Western Teriitories of the United States in 
Now Zealand. It also occurs among the Old Red Sandstone and Carboniferous volcanic 
rock.s of Scotland.* 

Domite (so named from the I’uy-de-Dorne) is a porou.s loosely aggregated tiachytc, 
having a microlitic ground-mass, through which arc disjiersed tridymite, sanuline, 
much plugiocluse, hornblende, magnetite, biotite, and specular iron. Soda-trachyte 
is a name given to Pantellerite {ante, p. 213), a variety rich in oligoclase, found in 
Pantolleiia. 

Phonolite (Nepheline- trachyte) - a term suggested by the metallic ringing sound 
emitted by the fresh coinpaot varieties (“ Cliuk.stone ’’ of older authors) when struck. 
It is now applied to a compact, grey or brown, quartzless mixture of sanidine and no[)lie- 
line, usually with some hauyne, whicli may be aceoinpamed, as accessory ('()n.stituent.s, 
by pyroxene, hornblende, or mica. Tho rock is latber subject to decomposition, bonce 
its fissures and cavities are frequently Idled with zeolites. The rock often splits into 
thin slabs which can bo u.st‘d for roofing purposes (PorithyrM'hicfer, Ilorn.Hchiefer). 
Occasionally it a.ssuines a porphyiitic texture liom the presence of large ciystals of 
sanidine, hornblende, or biotite. When the rock is partly iie<-om posed and takes a 
somewhat porous texture, it re.scmbles normal trachyte. •* 

It is a thoroughly volcanic lock, and generally of Tertiary date. It occurs some- 
times filling the jiipes of volcanic orifices, sometimes as sheets which Jiave lieen pouied 
out ill the form of lava-strcain.s, and soiiiotimes in dykes and veins. It is extensively 
developed in Bohemia, the Hegau, and in Central France. Some of the great bosses 

‘ On trachjte consult T. Mtigge, Neites Jahrh. liS83, ii. p. 192; von Decheii, ‘ Ueoguost. 
FUhr. iSiebeogebirg. ’ 1861, and * Vulkun. Vordereifel,’ 1886, von Biclitholeii, Jahrb. Uad. 
Reichsanst. Vienna, xi. p. 153, Szabo, /. Z>. (*. 0. xxix. (1877), p. 635 ; Ztrkel, ‘Micro. 
Petrog.’ p. 143 ; King, ‘Explor. 40tli Parallel,’ i p. 578. 

It would api>ear that much of what has been regarded as trachyte m Western America 
U andesite, consisting ehseiitially of plagioclase, and not of sanidine. Tho normal trachytes 
are now describt\i as hornblende-mica-ande.sites, and the augite-trachytcs are hypersthene- 
angite-andesites, most of the rest btuiig dacites, and .some of them iliyolite.-. Hague and 
hidings, Ainer. Jour. Sci. xxvii. (1884), p. 4.'*6. 

* Trails. Roy. Soc. Edia. xxxvii. p. 122, Presidential Addre-ss, Q. J. (i. S. xlviii. (1892), 
p. 112, 'Ancient V'olcanoes of Groat Britain,’ i. pp. 276, 379. 

* Boricky, ‘Petrograph. Stud. Phouolitgestem. Bohmeus,’ An/nc LandestiuicJifor- 
schunj Bohinen, 1874. G. F. Fohr, “ Die Phonolite des Hegau’s," Verb. Rhys. Mat. Oes. 
Wdirzbury, xviii. (1888). Fouquiand Michel-Levy, ‘Mineral. Micrograph.’ Whitman Cross, 
Bvlt. U. R. Q. S, Np. 150. 
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or eruptive vents connected with the Lower Cerboniferous trachyte lavas of Haddington- 
shire have been determined by Dr. Hatch to be true phooolites. 

With the phonolites may be classed Lencite-phonolite, wheie the fcl8[)athoid is 
leucitc instead of nepheline, and Nosean-traohyte (Xoaean-phonolite), or Hauyue- 
trachyte tHauyne-phonolite), with uoseaii or hauyne taking the place of the felspar 
of ordinary phonolite. 

Trachyte-Olaaa.— In regions where trachyte rocks are well develo|»od, various vitreous 
forms of them may be observed. Thus in the islands of Ischia and Procida and in the 
neighbouring Phlegr«nn fields glassy forms of augite-trachyte occur both in the form 
of obsidian and of pumice, but chemical analysis shows them not to belong to the acid 
rhyolites. The following table gives the composition of some traehytic rocks 


' 

1 


n, 

SiO^ 

.'»7-r3 

! r.7 -86 

1 60-77 

Al.,0. . 

18 93 

20-26 

1 19-83 


1 -97 

2 35 

1 4-14 

FeO 

1 -92 

0-39 

2-43 

MgO 

0 91 

0 01 

1 0-34 

CaO 

2 78 

0-89 

1 1 ‘63 

Na,.0 

5 r.2 

917 

1 4 90 

K.p 

611 

.5- 19 

6-27 

H,0 

3i.^ 

2-61 

0-24 

TiO,. . 

0-33 

0-22 


i’A 

0-2.''. 

0 03 


ZiO. 

trace 

0-15 


t 'r .0 

tiace 



v.,u, 

O-Ol 



XiO 

tiace ' 



MnO 

0 06 

0 21 

trace 

Si<) 

0 09 

0 04 


! Ba( ) 

o-i». 

0 09 


' l.l,.0 

tiace 

tiace 


SO, 


0 0(i 


S .• 


0 03 


Cl 


008 


F . 




CO, 

0 26 

none 


Fe.S , 

0-02 




100 20 

99 7 

100 .55 


I. Biotitc-tidchytc, Dyke Mountain, Yellowstone Paik. Analysed by W. F. Hille- 
brand, B.U.S.G.S. No. 16H, p. 9S : contain-s orllioclasc, [tUgioclase, biotite and 
magnetite. 

II. Phonolite, Black Hills, DakoUi. Analysed by W. K. Hillebiand, op. lUl. p. M4: rook 
described by Whitman Croas, op. at. No. lf>0, p. 191 : contains sanidine, 
nepheline, negenne, nosean and sodalite, with accessoiy .sjdiene, apatite and 
zircon, and possilily some raie zirconates or litanutcs. 

III. Truchy'te gla.s.s, Iscliia. Analysed by^J. W. C. Fncli\ Zirkel, ‘Lehibucli,’ li. p. 400. 
This column may Ih* taken a.s a fair tyjw of tlie older style of analysis; the 
other two columns illustrate the more detailed modern nictiiod. 

Besides tlie rocks in the Trachyte family above enumerated others more or less 
divergent from the general tyiie have rcceiveil sitccial names, and may be alluded to 
here. From his studies of the old Italuii volcanic districts, Mt. II. Washiiigiou has 
introdneed V uUmite (ami Biotite-vulsinite) to denote a group of rocks coiTe8|K>udipg 
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to tlie trachy-dolerites of Abich and Hartun^, and to some of the andesitic trachytes of 
Rosenbusch, an<l which he regards as ed'usive representatives of Brogger’s abyssal 
monzonites.' Oi rn i n ite includes certain rocks intermediate between trachyte and ande- 
site, but marked by their large amount of magnesia and the presence in them of olivine ; 
Toscanite — rocks resembling the two last groups in containing basic jdagioolase as 
well as orthoclase, but differing fiom them in t>eing moie acid (SiO.j, 63 to 72 per cent), 
and even containing free ijuartz.® He classes these together with the Absarokite, 
•Shoshonite and Banakite of Iddings {po.steo, p. 236) as a “ Trai hy-do!crite ” series, which 
stands on the truchytic side of the andesites, while the basalts come on the other side.** 
Mr Ransonie has found among the lava-flows of the western slo|)e of the Siena Nevada, 
California, some further varieties, wliicli he has grouped under the name of Latite, 
characterised by the occnrroiice of a (hyalopilitic) ground-mass of lahradoiite laths, 
grains of aiigite and a turbid globiilitic glass through which are scattered jdienocrysts of 
labradorite, augite and olivine. Their silica percentage ranges from .'i6 19 to 62 ‘33.* 
Leiicite-tracliy te— a dark-grey compact aphaiiitic ground -mass of andesitic 
structure, through which aie seatteied in jtrofusion leueite crystals, making in places 
more than a third of the hulk of the rock ; found in the Viterbo volcanic district ^ 

In Leucite-phonolito (p. 227) the Icucite is sometimes altered info an aggregate of 
nephcline with orth»)clase grains and (ry^fals ^ 


VII, Anhkniik Fvmii.y. 

The term Andesite, oiiginallv given by Von Bm h to (citain lavas found in the 
Andes, is now applied to a huge senes of locks once grouped with the tnu liyte.',, but now 
distinguished fiorn them by having plagioelase ns their felspar, ami by their moie basic 
ehariveter, which eonueets them with the diderites and basalts. In fit sh esamples they 
are dark grey, or even black, with a compact giouiid-ma.ss, through wliich .striated 
felspar prisms may geneially Im> observed They often asMime cellulai and ptirphuitic 
.structures. At the one end (»f the seiics stand rocks eontainiiig tice silica (Dacite), 
while at the other tue ha.sall-like niavses of much more basic composition (Augite- 
ande.site). Under the micioscope the gioiind-mass presents moie or less of a pale 
brownish gla.ss crowded with inicrolites or inimite laths of felspar, so a.s to present a 
cbaractenistic felted (hyalopilitic) ap|K*arnnee with a marked flow-stnieture. This 
“microlitio I'elt" is a distinctive chaiactcr of the Andesites. 

Daclta (Quart/-ande.site)-- composed mainly of plagioela.se, qiiait/, and niicti. with a 
varying amount of sanidine a.s an accessory constituent, ami, by addition of lioinblende 
and pyroxeiu', graduating into boriiblendc-ande.site. The groiimbmass has a felsitie, 
.sometimes sphenilitic, gla.s.sy, or (inely pumiceous base. The aveiage .sjiecitic gravity of 
the rock is between 2‘5 and 2 6. and its ehcmieal conipo.sition is shown iii the table of 
analysis on p. 231, Daeite occurs intiu.sively and also as sheets of sui»erticial lava. It 
has been observed in the Kuganeaii Hills, also in Hungary ami some other paits of 
Kiirope, hut it is most extensively developnl in (he (Jreat Basin ami other tracts of 
western Noitli America among Teiti.iry ami leeent volcanic outlmr.sts.'* 

' iifoi. IV. (1896). p. :>t7 . \. (1897), p. 

- Op. i'll. p. 834. 

* Op.nV v, (1897), p. 37. 

* Op. nt. p. 366. 

* Ainer, Jonru. Set. v. (1898), p. 

*• H, S. Washington, "Italian Petrological Stiufie'.,’’ No, II t.Vul. jv. (1896), 

JUO; V. (1897), p. 248. 

’ Op. cit. v. p. 43. 

** Iddmgs, MoniMji'iiph \.r. U. S. </, S. p. 368. 
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Hornbluide' andesite ‘ consists of h triclinic felspar (esjwjially labradorite or 
andcsine), >^ith hornblende, augitc, mica, inaRnetitc mid ajiatitc. The ground-mass 
resembles that of trachyte, presenting sometimes remains of a pale glow. The i>orphy- 
ritic minerals frequently show evidence of having la*eu much coiroiled licfore cimsolida- 
tion. Hornblende-andesite is found among the Tertiary anti post Tertiary volcanic rocka 
of Hungiirv, Tninaylvania, Sielicngebirge, ami in .some of the Western Territoiie.s of the 
United Stales. According to re'tearelies liy Messis. Hague and Iddiugs, gr.idations 
ftorii this itK-k into basalt and hypeistlieiie-amlesite tan be tiaectl in (''ahl'ornia. Oregon, 
and Wasbuiglon. Tlie.se rock.s, tbeiefore, cannot be s.ii.1 to Iihno sharply define.! and 
di.stinct forms.-' According to the predominance of the nnnernl.s, varieties are 
distiiignishcd as lioniblende inica-aiidesite, inic.i honibleinle-andesiie, and mica andesite. 
Under the name of hoinbleinle-niicu-andesite Ameiican pctrographeis have degcribed a 
fret|nerit variety of rock throughout the Great lta.sni. characteiibci by the vitreous 
appearanto of its felspar, its rough jMirous tracliyte-like ground -mass, and the presence 
of mica as an essential constituent. Tbi.stciiii will include a large projioition of tin* 
rocks bitheito classed as trachytes, but in winch the felspar piovc.s to be plagioclase and 
not .sHnulino.'' The specific gia\ity of the.se locks ranges bctwTeii ‘2 Ti and 2'7, then 
themical comi>osiUon is illu.stiated by the aiiahsis in flic following table (p. 231). 

Trat liyfic Andesite is ,i name .sotnetiines givtm to iindcsifc.s in which the ground 
mass leseiiiltlcs that of trachyt*' in stinttnic, with plienoci ysts of triidinic fftl«|Mii, 
hointilondo biotite ami p\it)\cnc Tin* inliin.itc relation of tin two families of rocks is 
fuither shown by the use of sm b a term as an<ic''ifc tiacbytc.^ 

Pyroxeno andeaito inclmles daik heavy basalt like looks, with a conipat t or finely 
crystalline, soinetiinus imnc or less distinctly vitieon.s, gumnd-niass which under the 
microsco|K‘ presents the cliaiacteiistic micnditic felt, and tliioiigh winch aie usually 
(lisjH'ised pheiioeiysts of labiadoiite or oligooluso, with augitc and abumlaiit magnetite, 
sometimes with olivine, liornblemie or mua (Augile-.andesite). The .specifie gravity 
of tlie-ie rocks IS liojn ‘i'ft tt* 2 7, ami then clieimcal comp<>Mlion is nidnateiiby the 
analysis in the fullowing tabb 

It was forim'ily .siippostd that the |t}i<.\enc of the andesites was always aiigite Hut 
I honibic foi ms of the imncral have now been fretpientlv delei 1e<l. rmler t lie name of 
Hypelsthene-andesitt*. certain Teitiaiyoi leteiit lotks. sliet. liuig ovt'i vast areas in 
Western America, liave been des<iilKi| as associati d with 'itbei amlesitcs ami basalts 
Tliev are black to grev, oi rctMish-gn \, nitoloni, ami vaiy in tevture fiom tlensc, 
thoroughly crystallnu* foinis, to others approaihing white glas.sv piimice, the base 
under the miciosco|>e ranging from a Itowii gl.iss to a ImbH-iystalline structure. The 
magiieKiaii silicate pyroxene, rlnetly in the orthoihoinbn loim as liy|M‘rsthpne but 
fiartly also as aiigile. An analysis of the puriiKeons form of the rock gave 62 |>er cent of 
silioa, while tlm percentage of the same eonstiluent in the glass of the base was found 
to rise to 69 !»4.'’ While the Datites ha\0 affinities with tin- KhyoliteH, and the 
Hoinblende-andesite.s with the Traehytes, the Hvrt>\ene-andesites ajqiroai h the basalts 
in comjwsition and infKle of occurrence. 

The older forms of pyroxene-andesite are gem iallv more tn leas decayed, and apjiear 

* F>ee Zirkel, ‘Miciost op. iVtrog.’ p. 122. King, m \oI. i. of ‘Kxjdoi. lOth I’arallel,' 
p. 562. Hague and Iddiiigs, Aniei. Jmirn. Set. xxvi. (1S83), p. 230. 

* Auier..Jotini. Sri. Bept. 1883, p. 233. 

^ Hague and bbliiigs, Amri. Jnurn. wvii. (1884;, p. 460. ItldingH, xx. 

r. S. O. S. p. 364. 

* For an illuHtratioii .sec ('. Riva, ‘Biille Trachitt-amlesitulie della Tolfa,' Milan, 
1898. 

® Whitman Crass, Btill. U. S. if, S. 1883, No. 1. Hogue and Iddiiigx, Avirr. Jnum. 
Set. xxvu (1883), p. 226 ; xxvii. (1884), p, 457. Id.lings gives a detailed .lest^ription of 
the pyroxene-atiileeites of the Eureka district in Mmograph xx. C. S. O, S pp. 348-364. 
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u dull Bometimea earthy, generally reddish or brownish rocks. These altered types 
wore formerly grouped under the name of Porphyrite. They are now identified as un- 
doubtedly decayed forms of andesite, usually of pyroxene-andesite. When freshest they 
are dark grey or black, sometimes even preserving a pitchstoue-like ground-mass. They 
are commonly porphyritic, and show abundant scattered crystals of plagioclase, less 
commonly of mica. Their texture varies from coarse crystalline to exceedingly close- 
grained, {>a8aing occasionally into vitreous varieties (Yetholm, Cheviot Hills). Rocks 
of this type have been abundantly poured forth as lavas during Palieozoic time, and they 
occur as interstratified lava-beds, eruptive sheets, dykes, veins, and irregular bosses. 
In Scotland they form masses, several thousand feet thick, erupted in the time of the 
Lower Old Rod Sandstone, and others of wide extent and several hundred feet in 
depth belonging to the Lower Carboniferous period. In Germany ' ‘ porphyrites " appear 
also at numerous points among formations of later Palaeozoic age. 

Pyroxene-andesite occurs in dykes, lava-streams, ]>lateaux, sheets, and neck-like 
bosses in regions of extinct and active volcanoes, as in the volcanoes of the East Indies, 
Inner Hebrides, Antrim, Transylvania, Hungary, Santorin, Iceland, Teneritte, the 
Western Territories of North America,^ the Andes, New Zealand, Ac. Many of the 
rocks of the.se regions now classed under this name were long known and described as 
dolerites and basalts. Indeed, tliere is the cloHcst relation between them and the true 
olivine-bearing dolerite.^ and ba.salts. The latter occur among the Tertiary volcanic 
plateaux of Britain, interstratified with rocks which, not containing olivine, have been 
placed among the andesites. Neither in their mode of occurrence nor to tlic eye in 
hand specimens is there any good distinction to be drawn between tbeni. But the 
andesites are chemically less basic, and they present the characteristic inicrolitic felt 
under the microscope which differs from the structure of the dolerites and basalts. 

Propylit«~a name given by Richthofen to certain Tertiary volcanic rocks of 
Hungary, Transylvania, and the Western Territories of the United States, consisting of 
a triclinic felspar and hornblende in a fine-grained non-vitreous giound-mass, and closely 
related to the Hornblende-andesites. Their distinguishing feature is the great alteration 
which they have undergone, whereby their ferro • magnesian con.stituents have been 
converted into chlorite, and their felspars into epidote. Some rjuartzifcious propylites 
have been described by Zirkel from Nevada, wlicrein the ijuartz abounds in liquid in- 
clusions containing briskly-moving bubbles, and sometimes doul)le enclosures with an 
interior of liquid carbon-dioxide.’ A specimen from Storm (’anon. Fish Creek Mountains, 
coutaineil silica, 60'68; alumina, 17’52; ferric oxide, 277; ferrous oxide, 2 58; 
manganese, a trace; lime, 378; magnesia, 276; soda, 8'30 ; potash, 4 46; carbonio 
acid, a trace. Loss by ignition, 2'25 ; specific gravity, 2’6 to 27. The geologists of the 
Geological Survey of the United States believe that the rocks included under the term 
“propylite" in the western parts of America represent various stages of the decomposi- 
tion of granular diorite, porphyritic diorite, diabase, quartz-porphyry, honiblende- 
andesite, and augite-audesite.’ The name has been more recently applied by Rosenbusch 
and others to rocks which have undergone alteration by solfataric action.^ 

' Pyroxene-andesites are largely developed in California, where they have been studied by 
Professor A. C. Lawson and Mr. C. Palache. Bull. Offil. Univ. Vuli/omiOy ii. No. 12 
(1902), p. 411. 

’ Zirkel’s ‘Microscopical Petrography,' p. 110. King, ‘ Exploration of 40th Parallel,’ 
i. p. 646. C. E. Dutton’s “High Plateaux of U^ah” {U, S. Gfographical amt Geological 
Survey of the Rocky Mountaine), chaps, iii. and iv. Hague and Iddiugs, Amer. /oum. Sci. 
1883. 

* G. F. Becker on the Comstock Lode, Reports of U. S. Geological Surt^y 1880-81, and 
his full memoir in vol. iii. of the Monographs gf U. S. Gevl. Survey (1882). Hague and 
Iddings, Anur, Journ, Sei. xxvii. (1884), p. 454. 

* Judd, Q. J. Q. S. xlvl. (1890), p. 341. See Propyl itisation, postea, p. 772. 
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I Dacitc, north-w»^st ItuHC ofliaHiicii IN-ak, (.’aliforiua. Aiial}s«>(l hy \V K, Hillcluaiid : 
uonUuns (juart/,, felspar, biotite and hoinhiomle, imbedded in a dear piimiceoua 
glass, It U.S.ii.S. No 168, p. 180, and Oilier, No. 150, p. 218. 

II. Mornblende-andesito, e.ist side id Mount Shasta Analysed by H. N Stokes; 
contains small crystals of plagioclsse and hornblende in ii dark ground-mass, 
/)'.(/.8’.0.5. No. 168, p. 176. 

Ill I’yroxenc-andesite, Sierra Gt'ande, Colfax County, New Mexico, Analysed by W. K. 
Hillebrand ; contains augite, less hyjieisthene, imcroliths of plagioolase, apatite, 
magnetite and a smoky-biONMi glassy base f^p. nt. j>. 171, dc.seiibed by 
Whitman Cross, op. cit. p. 171.* 

vni. (iMiBUo, Dolkbiik am> I’asali Family. 

We now enter ujion the consideration td an inb resting senes of rocks di.stiiiguished 
by their low silica percentage, ami the relative abundance of their Iwsic constituents. A 
similar range of stnicture can be tiaced in them as in the aci«l and intermediate series 
already described. At the one extreme come nnks with a holocrystalline stnicture 
like the gabbros, passing into others of a hcuii-crystalline character (dolcntes) w hci c, amid 
abundant crystals, crystallites and microliles, there are still traces of the original glass, 
aiid then graduating into tyiK’s where the texture is still closer, with more abundant 
ground mass and often a nioi-e basic comjmsitioii (baaalts), until at the other end come 
true basic volcanic glasses, which exteiHally might be mistaken for the pitehstones and 
obsidians of the acid rocks. The more coarsely crystalline (holocrystalline) varieties aie 
almost always intrusive in bosses, sills or dykes. Those of closer texture are often found 
as superficial lavas as well as in intrusive forms. 

* Ou the chemical composition of the Andesites see a suggestive paper by Professor hidings 
on “Tlie Volcanic Rocks of the Andes,” Joum. Geof. i. (1893), pp. 164-175. 
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Oabl»ro’— a group of co^raely crystalline rocks composed of plagioclase (labradorite or 
Riiorthite), pyroxene, frequently olivine, and also magnetite or titaniferoiis iron. The 
pyroxene in the nornml gabbros is diallage or aiigitc, but may 1*0 a rhombic s[iocies. Hprn- 
l)lende or mica may also be present. Occasionly free quartz is visible. Those minerals 
occur in allotriomorpbic forms, as in granite ; but they .sometimes assume ophitic 
1 ‘elations which lead into the rock termed Dolerite. The felspar has often lost its vitreous 
lustre and })assed into the dull opaque condition known as saussurite, when the rock has 
been called Sau.ssurite-gabbro or Kiijihotide. The diallage is disthiguwhed by its schiller- 
spar lustre. Some gabbros infdude a little metallic iron, the minute grains of wlii( h are 
revealeil by being coateii with copper when exposed to an acid solution of cupiic sulphate. 

While the Ktructurc is on the whole granitoid, some gabbros present a banded 
arrangement of their component minerals, the white felspar alternating with dark layers 
of the iron-ores or ferro-magnesian eonstituents, so as to present a strong resemblance 
to the internal structure of gneiss (p. 256 ami pa|)ei3 there l ited). 

Various types of gahhro are distingiished by sjiecial names. Those in whicli the 
pyroxene is a rhombic form are termed Norite (Hypersthenite, Hyperite, Schillerfels). 
The more acul varieties are known as Quartz-gabbro and (Quartz-norite. Where 
olivine becomes marked it gives rise to Olivine-gabbro and Olivinc iiontc—gianitoid 
or ophitic comjKiund.s of j iiiigiocla.se, olivine, pyroxene and magnetic or titanifcrous iron. 
When the pyroxene disappeais the lock becomes Troctol ite (Forellenstein) - a mixture 
of white anorthitfl with dark-green olivine, which receives its name from the supposed 
resemblaneo of its siieckled appearance to that of the side of a (rout. Wlien the olivine is 
ah.s6nt the compound is a I’yroxene rock (Angitc-rock, Diallage-rock). Where lioth 
the ferro-magnesian constituents become greatly reduced oi fail, the lock, which then 
consists of a mass of pale felspar, istremed Labrador-rock (Labrndoifels, Auoitliosite).''^ 
Occasionally liornblendc apjicars, either over and above the pyioxene. oi as a u suit of the 
alternation of the latter, when the coinpmind is known as Honiltlende-gabbro. 

The specific gravity of tlie gahhios ranges between 2'S5 and 3 10. Their clieniical 
composition varies with the changes in the propoitions of their mineial constituent.s, 
hut may he gathered from the unaly.ses in the table on p 230. 

Thcralito—a name given by Rosenhu.sch to a family of his “ Tiefengestcine,” 
embracing noo-volcanic effusive iwks mainly composed of a mixture of plagioclase and 
nepholine, with augito sometimes olivine oi hotnblende ; to which biotite, apatite and 
iron-ore.s may he added. ^ 

' On Oabbio see Losseii, X. b. O. (i xi\. p. 6.51 Lang, «/>. af. x,\\i. p. 481 Zirkel 
on (iabhros of Scotland, i>/>, at. xxiii. J871. Judil, Q. tt. S xlni. (1886), p. 49. (Q. IT. 
WllUanis, IhttK V. S. t). *S. No. 28 (1886); Ainer. (trot, vi (1890), p. 3,5. F. I). Chester, 
Hull. r. S. (J, S. No. 59 (1890). M. E. Wwlsworth, bal Snrr. Afitmaso/n, Bull. 2, 1887. 
A. N. Wirichell has published a <Ietailed study of the gal>broid rocks ot Minnesota, Aiae/. 

xxvi. (1900), pp. 1.51, 197, 26U348. W. S. Bayley (Jovin. trVe/. i. 1893, p. 43.5) has 
given an iiiteiesting * History of the ( !Ia.ssi(ication of the (Iabhros and nearly related Rocks.’ 
Tlj^ Iwiided arrangement of gal»ltros has lieen de.scrihed by Lo.s.sei), X. D. O. <•'. xliii. 1891, 
p. 633 ; A. (L, Tnfm. Hotf. .V>c. Kdui. xxxv. (1888) ; V J- A’ 1. (1894), pp. 212, 645 ; 
Vompt. rend. Vowt. tlfnl. lutrrnat. Zurich, 1897 ; Elflnianti. (ieol. Nut. Hut. Sun. Min- 
neautu, 23rd Rep. (1894), p. 224 ; A, Lacroix, Bull. Cart. ttkd. France No. 67 (1899), p. 39 ; 
H. W. Faiifianks, BuH. (ietd. Viiiv. C«/0/nua. li. (1896), p. 78 ; LoBwimson-Lessing, Tear. Hoc. 
Nat. Ht. PetersK .vxx. No. 5 (1900). (impure also J. P. Iddings, Monug. V. No. 

Kxxii. Part li. p. 67, where a bamltsl structure in dCcite-porphxry is noticed. Tlie analogy 
)f the lianded structure of some gnbl»ras to that of ancient gneisses remarkably close. 
Book IV. Part Vin. §ii.) 

On the Anortliosites of the .Miniie.sota coast of Lake Suiwrior. si-e A. C Lawson, Bull. 
Vo. 9, (Jevl. Nat, HiM. Surv, Minnenuta (1893). 

* These rocks were first described by J F* Woltf from the Crazy Mountain**, Montana. 
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Dolerite—an important group of basic rooks, which connect the gaithros with the 
basalts and include many of the rocks once termotl •* (•reenstotios.” They aio composed 
of labradorite (or anorthite), with some ferro magnesian mineral (aiigile, enstatite, 
olivine or mica) and magnetic or titaniferous iron. As a rule, they aio holociystallinc, 
the constituent felspar and pyroxene or olivine being characteristically grouped in 
ophitic stiuctuic, but a little residual glass may occasionally Iw dete* ted. The) otTUr 
in bos.ses, sills and dykes, especially as the subterranean ac<-oinpanimcnts «)f the 
volcanic action which has thrown out augite andesites and basalts to the surface, but 
seldom as superficial lavas. Theii specific gravity averages fioin to J iUJ. Theii 
chemical constitution i.s indicated in the table on p. 

Ditrercnt names have lioen pioposcd for the chief varieties of these locks The 
most iinjHutant are Oli vine-dolerite - adaik, heav). close-grained finel\ ciystalline 
rock, with scattered olivine, apt to weather with abrown crust. Olia ine-fi ec dolerite 
—a similar ro<’k but containing no olivine. Enstatite doleiite contains enstatite in 
addition to the other ingredients. Nepheline-dolei ite has the felspai hugely oi 
entirely replaced by iiephehnc ('•ee p ‘J.'l?). 

Diabase.'- -This tenu has been enijiloyed in \uiious diliercnt senses. I'lidi i it is heie 
placed a grouji of |iyio.\emc rocks which apjK'ar to depend for some of the most m.iiki'd 
of their peculiarities iiimui their anti(iiiit\ and the ionse(Hicnt alteiatioii which they 
have umlergone. Tlic\ aie daik gieen oi liliuk rocks found in ohlci geological 
fonnalioiis, iiinl consist ("Seiitialh of triclinic felspai, angite. magnetite or titanileioiis 
lion, ujiatite, sometimes olivine, usually with moie oi less of diffused gueiiish chloiitic 
substances (viridite) whiih ha\e lesulted from the alteiation of tlie angite oi olnine. 
Some carbonate of lime is usu.ally piesent as a decompohitioii-product. The rocks thus 
agree geneially in loinpositnin with the doleiites, allowance being made toi the 
varying amount of alteiation. Like these loeks tiny may he sulidivided into 
diabase without olivine (normal iliiihase), hut in the nuue add vaiielies with a 
little free (piartz, and oh vine-diahase. Some vaiietics have been di,stingiii.shed as 
^•nstatlte-diaiiasc, in W'liieh a rhombic pMoxene is pre.seiit. The diabases geiieralh 
pos.sess an ophitie stiuelure, llie felspai i r\ stals being ciichtseil within the angite 
Their specific gravity is about 2 b, ami then ehenueal ((imposition is illustiat(sl by one 
of the columns in the next tidile of anal^s(•s. 

As 111 ordiiiaiy dolerite, gi.idatioiis niav lie fudsl from coarsels eiystallmc (liabase - 
into exceedingly fine -gran km I and compact \a 11 ct 1 e 3 (liiabaHcajiliamtc), whidi some 
times as.sumc a fissile character (Diahasc-M'liicfci) wheie they have l)i*eii subjected to 
cui.shingoi cleavage. Some kinds present a |>orphyiitic structure, and sliow dis|iei«ed 
eiysfals of the component iniiicials (Dialiasi .por[ifiyi). Labradoi-porphyiy, Angite- 
porphyry) ; or, as in some lanetics i»f dmiiti , .1 ( oik rctionaiy Hriaiigcineiil is pioduciMl 
by the app(janinc(' of abundant |»ea-like bodns of a compact mafeiial, inib(Mld(Ml m 
a com[»!Kt 01 finely cr\Htalline gionnd-mass (Variolite"). When tlie gUM-n (M)ni[«>ct 
gi'ound-ma.ss contains .small kernels of carbonate of lime, sornctmies in great numbers, 
it is called Calcaicous aplninifc 01 Calcapliaiiitc. Somctim(*s the rock is abundantly 
amygdaloidal. Though, as a ride, fiee silica dra s not occui in it, some vain tics found 
to contain this mineral, possibly a sicondar} pioduct, liavc Ixrii distingiiislK'd as 

' The .student will find iii the I)ru(hch. iifol. (J^h. 1874, p. ], :iu importaiit 

memoir liy Dnthe on the coiiijKisilion and .structure of diafiase. See also ‘ I)k‘ Diabaae des 
Olieren Rnhrthals. ’ A. Scheiick, fnang. piaaert. Verh nut. lihrot Wr'^tphnl. 1884 

H. Uuckstroiii, ‘ Uefajr freriide Ei (schlu.sae in einigeii Skaiidinavischen lUahahcn,’ ftifunuj. 
Siensk. Vet. Akail, Hand!, ivi. (1890), ii. No, 1. The biliHography of dinbaac is fully given 
in the text-books of Zirkel and Rosc-nbuscli. 

® Michel-L«vy, H. H. <•'. F. 3id xer. .\i. p. 2H2. A (i.. Ti-anit. /tmf, .Slo/'. Fim. xx\i 
p. 487. 

^ See on Vanolitc, G. A, .1. Cole and .1. W. Gregor}, V* ^ xhl. (1890), p.29r.. 
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Quartz -diabase. A variety containing hoiUblende is termed Protcrobase, Ophite, a 
variety occurring in the Pyreneeg, contains diallage and epidote (p. 153). Further 
points of connection with the dolerites and basalts are furnished by the occasional 


occurrence of a pitchstone structure in diabase,^ and by the rare inclusion of analcite 
among the crystalline constituents of the rock.'-^ 

Diabase occurs both in contemporaneous beds and in bosses, dykes and sills. 
Probably the Epidiorites noticed on p. 224 were formerly sheets and dykes of noaterial 
like diabase, before the conversion of their pyroxenic constituent into hornblende. 

Anamesito — a name given by Leonhard in his ‘ Basaltgebilde ’ (1832) to those 
members of the family in which the constituents aie for the most part too minute to 



be recognised by the naked eye, and which 
therefoio occupy a middle place between the 
more coarse-grained dolerites and the more com- 
)»act basalts. The term is now seldom used. 

Teschenite— a name lirst applied to some 
rocks in the Cretaceous system of Silesia and 
Moiavia, consisting of plagio('laHe, brown amphi- 
bole, green or pink aiigitc and a large admixture 
of aniili iim*. They have Ixeii subdivided into 
at least two groups, one of whicli is placed with 
the diabases, while the other appears to be 
specially chaiacterised by a mixture of plagio- 
elase and nepheline.-' Augite-tcscheiii te lias 
been describcil from Califoinia, where it was 
first calleii anabdte-diabnse ^ 


Fig, 81. — . Microscopic Stnietno' of HiiMilt 
(tnagnillivl). The large shadfU crystaN 
are Olivine coiiHulernbly Her|wntiniHe<l • 
the timneroiiH snmll white piihiiuj are 
riagioclase. A few Augit,« prisms occur 


Baj&lt''- a gioup of black, extremely com- 
pact, apparently homogeneous rocks, which 
break with a splintery or eonchoidal fracture, 
and in which the component minerals can 


which, to the right of the cniiie of the „(,iy observed with the microscope, unless 
(irawiiig, are aggregate*! intx> a large where they are scattered porphyritically through 

The n....erals consist «t 
plagioclaso (Inbradorite or anortliite), pyroxene 


(usually augite, but occasionally a rhombic form), olivine, magnetite or titaniferous 


' B. K. Emerson, JM/. U’eof. »S«c. Amer. vin. (1897), )». f>9. 

H. W. Fairbanks on Analcite- Diabase, fhiU. OVol. Ciiif. Cnh/ornta, i. No. 9(189.5). 

’ C. E. M. Rohrbacb, Tscheniutk’s MitthrU. vii. (1889k p. 1. This author gives as the 
primary constituents of these rocks plagioclase, augite, hornblende, biotite, olivine, apatite, 
titaniferous iron, magnetite, ortboclase’ and titanite. Among the secondary elements he 
reckons anakime, natrolile, apophyllite and other zcolite.s. ITie occurrence of analcite as an 
original constituent of some basic rocks m the United States seems to be now tolerably 
certain (p. 238). 

* H. W. Fairbanks {Bull. Geoi. Vnir. VtUi/orniti ii. 1896, p. 19), who regards the 
anakime of the rock as a secondary product after nejiheline. 

• On basalt rocks see K. C. v. Leonhard, ‘ Die Basaltgebilde,’ 2 Vols, 1832. Zirkei’t 
‘Basaltgesteine,’ 1870. Boricky’s * Petrographische Studien an den Basaltgesteinen 
B<ihmen8,' in ArcAiv JUr yatnrfciss, Landfsgvrt'h/orsch^tng von Bdhmai, ii. 1873. 
Allport, Q. J. G. S. XXX. p. 529. Mbhl, AVr. Act. Acad. Leap. Carol, xxxvi. (1873), 
p. 74 ; Neaes JaJtrb. 1873, pp. 449, 824 ; 1879, p. 897. F. Eichstadt on Basalts of Scania, 
Sveriges Geol. rndersOk, ser. c. No. 61, 1882. E, Svedniark, op. cit. No. 60, 1883. J. W, 
Jndd, Q. J. O. S. xlii. (1886). A, G., Trans. Roy. Soc. Sdin. xxxv. (1888), * Ancient Volcanoes 
of Britain,’ chapa xxvi. and xxxvi. A. Helland, Z. D. O. G. xxxi. (1879), p. 720. Osann, 
Neats Jakrh. i. (1884), p. 44. 
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iron. Many years ago, Andrewa detected native iron in the basalt of Antrim. 
More recently Nordenskiold found this substance at Disco Island, in large blocks 
like meteorites {ants, p. 93), and in smaller pieces abundantly diflfused through the 
Tertiary basalt. The ground -mass of the basalts presents under the microscope 
traces of glass in which are imbedded ininute grannies, hairs, neiHlles, and microlitcs 
of felspar and augite. The proportion of this base varies within wide limits, inso- 
much that while in some parts of a l^aaalt it so prejxniderates that the individual 
crystals are scattered widely through it, or are drawn out into beautiful streaks and 
eddies of fluxion structure, in others it almost disapjiears, and the rock then apjKjars 
as a nearly crystalline mass, which thus graduates into dolerite and basic andesite. 
The, component minerals frequently appear |>orphyrifieally dih|>er.se<l, e.sjweially the 
olivine, the pale yellow grains of whieh are characteristie. 

The normal Basalts or Fel.s)»ar Basalts are sn.sceptible in Central Scotland of 
subdivision into two groujis, those which contain olivine and those whieli do not.' 
They thus agree with the range of composition of the dolerites. There is indeed the 
closest connection between basalt and dolerite, the difTeience being one of structure 
arising from the circumstances under which the magma cooled and consolidated. The 
basalts represent on the whole the supeiflcial oiitflowa and injectc’d dykes of the magma, 
while the dolerites in large measure belong to the more subterranean (liyfiahyssal) 
portions of the same material. 

Two ty{)es of basalt have been recognised in the great Imsaltic outbursts of Western 
America: (1) the porpliyritic, consisting of a glassy and niicrolitic or micro crystalline 
ground-mass, bearing relatively large crystals of olivine, felsjiar, and occasionally aiigiU*, 
a structure showing close relations to that of many andesites ; (2) the granular (in the 
seiiBo in which that term is used by Rosenbusch (p. 130, iwU )) — an aggregate of quite 
uniform grains, composed of well-develo|ied plagioclase and olivine crystals, with ill- 
defined patches of augite, and frequently with a considerable amount of glass base. By 
diminution of olivine and augmentation of silica, and the apjxjarance of hypcr.sthene, 
gradations can be traced from true olivinc-basalLs into normal andej,ites. Basalts with 
free quartz are not infrequent in various regions of Western America. -' 

Basalt occurs in amorphous and columnar sheets, which may alternate with eacli 
other or with associated tuffs. It also forms abundant d\kes, veins, and intrusive 
bosses. It freijiiently assumes a cellular stiuctuie, which hecomes amygdaloidal by ibe 
de{K)8it of calcite, zeolites, or other minerals in the vesicles. A relation may be traced 
between the dcvolopmeiil of amygdales and the .state of the rock ; the more amygdaloidal 
the rock, the more it is deconqmed, whence the inference has licen drawn that the 
amygdales have probably in large measure been derived by infiltrating water from tbe 
basalt itself. There can be no doubt, however, that at least m wmie cases the infilling 
of the vesicles with zeolites, &c., has taken place during the volcanic period, [lerhaps 
from the action of hot water charged with mineral solutions.^ 

Vitreous Basalt (Basalt-glass, Taehylyte, Hyalomclan).-* — Basalt j»as.se8 into a 

' A. G., ‘Ancient Volcanoes of Britain,’ i. p. 418. 

Hague and hidings, Arncr. Jount. .Sei. xxvi. (1884), p. 456. Idriiiigs, op. nt. xxxvi. 
(1888), 1 *. ‘208, BvU. i\ S. U. S. No«. 66 and 79. J. H. Diller, Awurr. Joura. Sci. xxxiii. 
(1887), p. 45. Tlie occurrence of quartz in l^asaltic an«l many lampropbyric rocks has lieen 
noted in different parts of Europe, but the grains with their signs of corrosion have generally 
been reganle<l as foreign materials denve^i from the explosion of sandstone or similar rocks 
through which the igneous nwk lias risen. (See Zirkel, *I.^brbnch, ii, p. 891.) The 
grains in some at least of the American examples would rather seem, however, to be original 
constituents. On the quartz- basalts of the tbe Permian (?) volcanic necks of Scotland, sec 
A. O., ‘Geology of Eastern Fife,’ in Mrm. (Jeol. Bnrv. Swttand, 1902. 

* ‘Ancient Volcanoes of Britain,’ li. p. 189, 

* F. Rutley, Joum. Roy. iieot. Sof. IrtUtud, iv. Part iv. (1877), p. 2*27. See Judd and 
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condition which, even to the naked eye, is recognisable as that of a true glass. This 
more especially takes place along the etlges of dykes and intrusive sheets. Where an 
external skin of the oiiginal molten mck has rapidly cooled and consolidated, in contact 
witli the rocks through which the eruption took place, a transition can be traced 
within the space ol less than a «jnarter of an inch from a ery.stailine dolerite, anamesite, 
basalt, or andesite into a Mack glass, which under the microscope assumes a pale brown 
or yellowish colour, and is isotropic, but generally contains abundant microlites, 
sometimes with a globular, spherulitic, or perlitic structure. In such cases it seems 
indisputable that this glass leprcMcuts what \va.s the genera! condition of the whole 
molten mass at the time of eruption, and that the present crystalline structure ot the 
rock was develo|»**d during cording and consolidation. The glassy forms of ))asalt 
undergo alteration into a yellowisli substance called Palagonito (p. 171). It is woithy 
of remark that in the analyse.s of vitreous ba.saltrt, the percentage of silica uses ii-sually 
above, while their specific gravity falls below, that of ordinary erystailine basiilt. 

The basalts are the heaviest members of tlie family to which they belong, their 
specitio gravity langing lietweeii 2*8f» and 310. Their chemical composition is indicated 
on the following table of Hmily.se.s (p. 239). Tlioroiigbly volcanic in origin, and appear- 
ing in lava-siroams, platcau.v, sills, necks, dykc.s, and veins, they display the columnar 
structure so commonly among their fincr-graino<l vaiieties liiat the term “basaltic” has 
been popularly u.scd to denote it. It is found lioth in surface -lavas and in injected 
massc.M, Among the Tei tiary basaltic plateau.x of tlic Inner Hebrides the columns arc often 
smaller and more curveil ami irregular than in the sills and dykes. As already stated, 
it has been assunu'd by some writeis that ba.salt did not begin to bo erupted until the 
Tertiary [lerioil. Hut true ba.salt occuis abumlantly in Scotland as a luoducl of Lower 
Oai'honifcrous volcanoes, and evhibits there a variety of types of minute structure.^ 

llasic I' urn let'. —Though the acid lava.s furnish most of the jaimice willi whicli we 
are I'amiliar, some of the ba.sic kinds also assume a .similar .structure. Thus at Hawaii, 
the ba.sio pyroxenic or olivine lavas give, rise to a pumiceou.s froth. 

Mclaphyre. - A plac<' may be found here for a consideration of this lerin, wliich 
proliably has been moic diversely employed than any other in petrograjdiical literature. 
Originally pro^rosed by Uroiigniart, it li.ss snb.seipiently been applied in various .senses 
by diilcrcnt writcis to include locks which langc in .'structure and composition fioiii the 
more ba.sic andesites to tuie oliviiie-ba.saltH, and winch for the most pait belong to pre- 
Tertiary eriiptioiiH (tlioiigli .some Tcrtiaiy laius have been described as mclaphyre). 
These rocks aie esaentially basalts whicli, owing to thoir long exposure, have undergone 
more or leas alteration. If the term is to l»c retained a.s a detimte rock-name it should be 
restricted to an alteicd ty|)e, and jirefcrentially to the older altered liasalts. The inela- 
phyres will then bear .somewhat the same relation to the l)a.salts that the diabases do to 
the dolerites. As thu.s defined, tliey are .somewhat dull, black, dark brown, rcddi.sh, or 
green rocks, often amygdaloidal and sliowiug their porphyritie minerals in an altered con- 
dition, the olivine.s esjH'cially being ebanged into serpentine or replaced by magnetite 
or oven by Invniatite.- 

Absarokite, Sliosbonite, Hanakite group. —Hnder this name Profe3.sor Iddings 

Cole, y. ./. a. .V. \.x\ix. (1883), p. 444 Cole. .y.. nt. xliv. (1888), p. 300. P. V. 
Kendall, (M4. M(uf. 1888, p. .^55, M. K, Hed<Ue, Trann. UfiJ, iSor. Olti.tgoir, 1893, p. 80. 
Cohen. Nfim Jahib. 1870, p. 744 ; 1880 (ii.), p. 23 (Saudwich Isla.id.s). 

• A. G., Tmns. Hoy. Soc. Edin. xxix. (1879), p«437. I*resideutial Address, Q. J. (/. H. 
(1892), p. 129, and ‘Ancient Volcaiio«*s of Britain,' i. p. 418, where the tvjie.s of micro- 
scopic structure ob.>erved by Dr. Hatcli and IVofeasor Watts are enumerated. 

For some account of the use ot the word mclaphyre see Brongniart, ‘ Classiflcation et 
Caract^res miii^ralogiques de.s Roche'* homogwies et h^terogi ues,’ 1827, p. 106. Naumann, 
' Lehrbuch der Oeogiio.«ie.’ i. p. 687. Zirkel, ‘ Petrographie,' ii. p. 847. Rosenbusch 
'Mikroskop. Physiogr.’ il. p. 1044. 
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has described a series of rocks associated with the basalts and andesites of tin' \'(‘llowstoiie 
National Park, having a basaltic asj^wct and occurring as la\a-Hu\vs and dykes. They 
possess a considerable range of teviurc ami composition, and foi convenience aie sub- 
divided into three classes which gratiuafe into each other. The hrst ami ino.sl basic 
class (Absarokitc) lias a ground-ninss varying from a daik glass through aphanitic forms 
to an almost phaneiocrystalliiie light grey mass, and enclosing abundant phcinn rysts 
of olivine and augite, but with none of fclspai. The pioi>oition of silica in from to 
52 jier cent, ol alumina 9 to 12, of niagiic.sia 8 to 13, and u moderately high jtervciitHge 
of alkalies, tlie potash being generally higher than the .smhi. The .second elas.s 
(Shoshonite) is distinguished by the piesenco of |ihenocrysts ol Inhiadorite, angite and 
olivine, with silica 50 to 50 pei cent, alumina 17 to 19 7, lime 4-3 to 8, magnesni 
2‘5 to 4-4, potash 3*4 to 4 4, soda 3 to 3*9. The locks of the thud class rihinakite), 
mostly found in dykes, are highly felspathic with a smaller amount ol ferroinagnosian 
minerals, ehiefly biotite witb suboidinate augite. 'I’hese eontain .'»] to til ]>ei cent of 
silica, 167 to 19’6 of alumina, 3 5 to 6 of lime, 1 to 4 of niagncMii. 3 H to 4 5 ol .sotia, 
and 4'4 to 57 of potash.* 

Nepheline- basalt, &c. - Ziikel piovtd tliat ceitain black heavy lueks, having 
externally the asjiect of ordinaiy basalt, contain little ot no felspar, tlie jiait of that 
mineral being taken in some by nepheline, in otheis by leneite They aie volcanic 
masses of late T^-itiary age, l)nt(K:enr mueh nnue sparingly than the tnu* basalts. When 
nepheline entirely leplaces felsjtar the rock is known as Nepheline- basalt if it con- 
tains olivine, and Nephelinite when that mineral is absent. Nejdieline hasalt is 
widely distrilnited on the continent of Kniope Thus it appeals in the Kifel, the 
Odeiiwald, He.sse, Franconia. .Saxony, Bohemia, Fiance, the l’\ leiiees ami Scania, jet it 
has never been detected in any part of the vast traets ot felspai hasult that evti-iid fiojii 
the noitli of Ireland thiovigh tin* Western Isles and tin* Faroe Isles into leelaml and 
(ireenlaiid. Nephelinite is foiiml in nianj of the <listiietH wheie Nepheline Imsalt 
occurs. 

Nepheline-liasanite is the name assigned to those \aiielies in whn'h l»oth lelspai 
ami nepheline (Kenr, togethoi with olivine; when the latfei is -ihseiit the lock is called 
Nepheline-tephrite.'* Tliese locks have a s'liiilai disti ihiition to those mentioned 
in the foregoing paragra|di. They ari* found also in tin* Cnnaiy Islamls, 

Mr, Wasliiiigton has distingiiislnd by the name oj Kiil.iite ,in allied loek Ironi 
Lydia in Asia Minoi, containing |M*ihaps ‘jQ pu <ent ot nepheline. heaides anoithile, 
alhite and oithoolase, together with diopsnle ami oluine. * 

A similar .s<*ries of (ompoumls to tho.se just <le.seiihed oeenis with lem ite instead of 
nepheline as the felspathoid. Leueite- basalt <onUins no fdspar, ami has olivine 
as an es.scntial constituent, when that nnneial is absent the aggiegate is called 
Leueitite. Again, when felspar is jire.seiit liesnles the leiioit'*, the lock is known as 
Leuci te- liasan ite it it eontaiiis oliviiie and Leinitf tephiit* if it does not, 
Tluse rocks have a giiieial resi mhlance oxlcrmtlly to b-l-jmi -h.is.ilt, with whieli they 
were at fust ( otifoiindeil. Tlu-v aie lonnd among tlie extinct \(deanoes ol tin- Kifel 
and Italy, and in the nnulein lavas ol Vesuvius. L«-m ite tsisalt <»eeuis logeiliei with 
nepheline-h.isalt in vaiiou-. p.iits of the Continent, partn ularly the Kilel, Hesse, Kizge 
birge and Bohemia. Lfueitit- has been iiotieul m the Eif»-I, l»ut lUs chief Kiiro|iean 
region is among the old volcanic tiacts ot Italy, especially Braceiaiio ami Alhano. It 
has been im-t with in Wyoming, and has thc-re suggc-stc'd the name <»f “ Iveueite Hills." 
lameite ■ basanitc lias also Icec-n spa*mgly l(uiml in the Kifel, nioie ahiiinl.mtly in 
liohemia, but most plentifully among the am-n-nt and modern lavas ol Italy, the iiiodeiii 

* J. P. Iddings, Jinirn. (/Vo/, in. (1895), p. 1>3.'). 

■ For a detaile'l iKioimt ol Ncpln-line tephnte si-e K. lliiiterle<-hner, “t'elMir Hasall- 
gesteme aus OstlKilimen,"’ yw^r/y. A'. K. Vienna, 1!IOO, pp. 4C9-52<), 

^ Jourif. vm. (1900), p, 610, and jirevioiis writing-, there c iird. 
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lava-streams of Vesuvius being referable to this rock. lieucite-tepbrite is met rith a 
the Kaiserstuhl, in Northern Bohemia, and at Rocca Monfma and other volcanic dis- 
tricts of Italy. ^ 

Melilite-Basalt.— In continuation of Zirkel's research, A, SteJzncr showed that 
in some basalts the part of felspar and nepheline is played by molilite.* In outer 
appearance the rocks possessing this comfiosition, and to which the name of Melilite- 
basalt has been given, cannot bo distinguished from ordinary basalt. Under the micro- 
scope, the gioiind-mass ap|»ears to be mainly composed of tiansfwrent sections of melilite, 
either dwjtosed without order, or ranged in fluxion lines round the large olivine and 
augite ciyatals ; but it also contains chromite (?), microlitic augite, brown mica, 
abundant magnetite, with jarowskite, apatite, and probably nojiheline. (Swabian Alb, 
Bohemia, Saxon Switzerland, Ac.) 

A nielilite-basalt from Alno, on the coast of Westcrnorrland, Sweden, was dcsciibed 
in 1882, by Mr. A. K. Tornebohm, as made up of melilite, mica, augite, olivine, apatite 
and magnetite. It occurs as a dyke, and was consequently separated from the effusive 
melilite-busalts by Kosenlmscb and named Aliioite. Since that time other instances 
of a similar lock, likewi.se of intrusive oliaraeter, have been met with in Finland, and in 
British North America ^ 

Analcite-ba.salt - A basalt-like rock in w-hieli the part of the felspar or fclspathoid 
is taken by analcito. Thegiound is black and aphaiiitic, ami through it arc di.spcr8ed 
crystals of augite, olivtiic and magnetite. To some rocks of this character the name of 
Monchiquito (from Monchirpie in Sontliern Portugal) was given in 185)0 by Kosenbusch. 
Since that time, mainly owing to the labours of Messrs. Limigren, Kemp, \Vil]iam.s, 
Pir.s.son, and Whitman Cross in the United States, it has been a.scettairie<i that analcite 
plays a more inipoitant part as a primary rock constituent than had ever been supi>osed. 
Mr. P ir8.son has propo.scd to institute a special division of igneous rocks as the analcite 
.series. This he further .subdivides into two groups— the Analcite -basalts or Mon- 
chiquites, containing olivine, and thus corresponding to the Icucifc-b.nsalts ; ami the 
Aiialoilito.s or forms without olivine, corresponding to the nepbclinitc.s and Iciicititcs 
(“ Fourchites ” of J. K. Williams). •* ^ 

' For some recent amily.ses of these Italian rooks .see the .senes of jiupcrs by Mr 
Washinglon, quoted anif, p. 22.S. 

Nfiies Jahrb. (Beilagebniul), 1,883, pp. 369-435). 

** Tornebolitn, OfoL Fbren. Forhnndl. iStoi'khUiii, vi. (1882), p. 240 ; Kosenbusch, 
‘Massig. tfest.’ p. 547; Hamsnj mid Nyliolm, /)«//. Com. Geol. Finiande^ No. 1 (1896), 
Ferrier, ' Kamloojis Sheet, British Columbia,’ p. 40 ; K. D. Adams. On a Mcliiite-bearing Rock 
from near Montreal, A»wr. Journ. &i. xhii. (1892), p. 269 

* Rosenbu.sch, Tarhennah’s MilfJi. xl. (1890), p. 445; Lmdgreii, I'rw. Cali/mii. Acad. 
Sci. 2nd scr. ni. 1890 ; J. K, Kemp, Bull. C. B. O. S. No. 107, 1893 ; J. F, Williani.s and 
J. F. Kemp, .law. Hep. Geid. Arku/Lsm, u. (1890). p. 392; L V. ) ‘irssoii, yowni 
Geol. iv, (1896), p, 679 ; m Ann. Hrp. V. S. (/. S. (1900), Part in. p. 543 ; W. Cros.s, 
Jovm, Geol. v. (1897), p. 684, 
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Chbmioal Composition of the Gahbro, Dolerite and BAs\Lr Family. 



I, 

II. 

HI. 

IV 

V. 

\l 

\H. 

Mil 

1 

X. 

SiO., 

56-20 

48-91 

52-81 

48 25. 

51-68 

48-76 

10-32 

50 -J 4 

:i«' .S5I 

45 59 

AlA 

15-46 

8-81 

10-60 

10-73 

15-87 

15-89 

9 40 

-20-09 

!♦ 93 

12-98 

Fe..O, 

1-54 

1-04 

2-00 

3-99 

1-16 

6-04 

4-75 

2-51 

15-63 

4-97 

FeO 

9-76 

9-52 

6-13 

6-28 

8-43 

1-56 

7-48 

5-65 


1 70 

MgO 

1-83 

15-19 

6-12 

5'77 

7 84 

5-98 

18 12 

3 - 0.5 

16-14 

8-30 

CaO 

.5-39 

14-69 

10-14 

8-32 

11 -OS 

8-15 

10 55 

7 83 

15 19 

11 09 

Na.O 

2-78 

0-64 

2-79 

3 -‘21 

1-86 

3-43 

2 02 

2 97 

2 80 

4 53 

K..6 

2-56 

0-10 

1 05 

4‘0.'< 

0 31 

2-93 

1 10 

7-45 


1-04 

H.,0 

0-75 

0-59 

0-92 

1-72 

0 .31 

1 88 

1 -H'l 

0-3«5 

2 -510 

3 91 

Ti.p 

2-25 

0-37 

0-84 

0-85' 

0 72 

1 -65 

2 or» 


0 04 

1 -32 


1-13 

tiaee 

0 23 

0 0 .'< 

11-12 

(1 00 

0 08 


1-41 

0-91 

Cr..O, 


0-15 









MnO 

0-13 

0-10 

undet 

i tiaee 

0 15 

0-13 

0 -2.') 

1 tince 

tiat f 

n-14 

NiO 




1 



0 00 




HaO 

0-17 


0 03 

1 0-01 


0 17 

0 00 



0-13 

ZrD., 

1 









0 03 

SrO' 

tiaee | 


tiai p 



0 00 

0-03 



0-12 

Li.p 1 

none ; 

tiaee 

ti.ioe 




tint e 




CO., : 

none 








1 tl 


3 i 

0-07 






0 01 




SO, i 

trace , 



0 12 



0 03 




: Cl 

tlHCe j 



0-08 



0 05 



0-05 

1 F 

trace 1 

1 






0 01 





100 02 i 100-17 

100 32' 

100 10 

99 -MO 

100 23 

100-09 

100*78 i 

100 00 

99-87 


I l^uait/'^Mlibio, 2iiiiUbS«mthM‘a.st ol \Viillt‘ska.('liri(*k*-<' County, (u or^m. AiialyKt'ii 
liy H. N. Stokos. //»//. (/.S.O'.S. N't) l()b p. .Of) (outuiiisosMuitially plngioclase 
(iu>ar and aii^itc with acrosoiv magnet ilc, ilnn-mto, .-ipatitc and 

/oisite, oitlioflaso .spai'mj,dy picstiit, tpiatl/ in viticous inassc'^ (A. H. lirooka). 
II Olivine - fjatiliro, Oiiinge Grove, Haltiiuore (lounly, Maiylainl Aimlyned l>v W. F. 
Ilillclirand, o/). cil. p. 44: eontuins pluj'ioi lii-v, iliallai'e, liypei '.tliene, fiesli 
olivine, inaj.'netite and apatite, .soinetiines lioinbicntle. 

III, Oolenle witli seaieely any olivine. Mount ln;'all.s, I’lmnas County, California. 

Analysed I)y W. F. Ilillebraml, op. at ji. IH'.k 

IV, Dolerite, dyke neai Valinoiit, Denver I'aviii, ( uloradu. Analysed by L (i. Kakins, 

op. I'lt. p. no . deseiilietl by Wbitinan Cto-^^ as eontainiii;' au;»ile, pla^ioelase, 
olivine, oitlitK l.i-se anti biotite, with aetessoiy inaf'm tile ainl iijmtite. 

V. Typical Diabase, llwky l»id};e, M.ii\laiiil Analy-sed by E. A.Selineiil(;i,(y/,e(<, ji. 50 

VI. Plagiocla^te-basalt, Saddle .Mountain, I’lkes I'eak distrn t, (/'olurado. Analysed by 

W. F. llillebraiid, op. ci( p. 1 If) : plienoeiy .stn of adgite and olivine in a ji^round 
mass of pla)^iocla.He, ortboiIa.se, auoite, iiia*;iioliie, bnttite ami apatite (Wliit- 
inanCioss, .hmrn. Otol. v. p. (584). 

VII. Nejihelinc-basalt. Tom Munn.s Mill, l;\al«le tpnuliangle, Te\ii.s Analysoil by W. 
F, Hillebiand, op. at. p. <j2;^ontains olivine, auy^ite, nepbeline, magnetite and 
apatite; specific gravity, 3118 iWliitnuii Cros-^i. In lliis analysis the Al.,jOj, 
includes some Cr^Os. 

VIII, Loucite-tephrite, Monte Cavallo, Bohena, Italy. Analy.sed by H. S. Wasbington, 
Jovm. (r'eol. V (1897), ]). 370. 

I.\, Melilite-basalt, Ho<;hl)olil in the Swabian Alb Analysed by T. Meyer, Ncueu 
Jahrb. ii., 1882 (Beilageb.), p. 398. 
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X. AnalcitC'basalt, Denver lUsin, Colorado. Analysed by W, F. Hillebrand, Bull. 
U. S. 0. S. No. 168, p. 146 : contains phenocrysts of augite, olivine and analcime, 
also magnetite with subordinate amounts of alkali felspars, biotite and apatite 
(Whitman Cross, Journ. Oeol. v. p. 684). 

ix. Limburoite Family. 

Here may be placed a group of volcanic rocks of highly basic composition, distin- 
guished by the absence of felspar or of any felspathoid substance. These and those of 
the next faniily arc sometimes tenned the “ Ultrabasic series.” 

Umburgiie (Magma-basaltl—a tine-grained to vitreous volcanic rock, composed of 
augite, olivine, magnetite or titauiferous iron, and apatite. The base is generally glassy 
and the proportion of silica in the rock is only about 42 per cent. The typical locality 
is Limburg, near tlie Kaiscrstubl in Baden, but the rock occurs also in middle Germany, 
Bolioinia, Scania, Spain, and among the Carboniferous volcanic rocks of Central Scotland. 

Augitlte is the name given to another volcanic rock consisting essentially of augite 
and magnetite in a glassy base. The absence of olivine separates this rock from lini- 
burgite. Augitlte is found less commonly than the last-named. It occuis in Nortbern 
Bohemia, the Cape Verd Islands, and in the Limerick Carboniferous volcanic district of 
Ireland,* 


J'KRlDolirK RvMILV, lyciA VISO HEUVhWISK. 

The rocks liitir em/traced staml at the extreme end of the ba,sic igneous rock.s, .^s the 
rhyolites and granites stand at the opposite end of the acid series, They contain no 
felspar, or at least an insignificant proportion of it, and consist of olivine, with angite, 
hornblende or mica, magnetic or titaiiiferoiis iron, chromite ami other allied minerals of 
the spimd type. Tbeir speific giavity ranges between 8 0 and b'd. When (juite fresh 
they have a liolocrystallino stuietiire, hut they aie geneially more oi les.s altered, and in 
their extreme condition ol alleratioii Ibim rocks known as Serpentines. They are for 
the most i«iit intniMve in beliavioiir, and not infretpieiftly form ]»iiitH ot laigei lo.ss 
basic bodio.s. Those varieties in which olivine is the cliief constituent an* the true 
Peridotites, and are sometimes called by that name with the pretiv of tlie piedominant 
mineral, t.ij. Hornblcude-peiidotite, Augite-jieiidotite, Kiistatito-pendotite, Ac. The 
following 8[icciHl names have al.so l»een given. 

Duaite (Olivine-roek). named by K. v<iii Hoclistetter from the Dim Mountain, New 
Zealand, consists of a granitoid mixture of olivine with ehioniite oi oilier sjdnelloid. 
Such a rock |«isae.s natuially by alteration into a .seriKmtino. 

PlcriW (I’alieojncrite. I’lcrite-porphyiy)- a rock rich in olivine, usually more or 
less serpentinised, with augite, magnetite, or ilnienite, Inown biotite, hoinlilende, or 
ajiatite, and u.stjally a little plagiocla.se , occurs as an eruptive lock among I'aheo/oicund 
younger formatiou.s ; is closely related to the diabases, into which by tlie addition of 
plagioclase it naturally pas.Hes. When hornblende predoininates ovei pyroxene the lock 
is called Ilonibleiidc-piente ; where the augite prevails it i.s Augite-picnte. In the same 
way there are Knstatite-picrite, Miea-pierite, and various othei combinations. 

Eulyaite, a mixture of olivine with augite and garnet, which has been met with in 
schistose leiitieulai bands among the crystalline schists of Scandinavia. 

Webrlite (Diallage-olivine-rock) - a coarse-grained aggregat* of olivine (making 40 

' For iioUfcs ol the Bolieiiiiaii Lnnbnrgites ami Aiigititcs tlie p.ii>cr of K. Uiiiter 
leelmer, Juki'h, K. K. Ucoi. 1900, pp. 45)7, 509; for the liish example, B, 

Hobson, (/Citl. Miuj. 1892, p, 349. 

'•* So named from XiKfM, bitter, in allusion to the lai-ge proportion of bitter earth (Mag- 
nesia) a character shared by all the iwi idotites. (iiiinbek * Die PalaeolitliiM'heii Eruptiy- 

gesteiue des Fichtelgebirges ’ : Munich, 1874. 



per oeat of the rook), dUdlage, ampbibole end much tiUniferous iron ; found in usocution 
vrith gablno in Hungary. 

BnnSmtgiit (i^tatito-olivine-rock, Sazonite, Sohillerfela) — serpentinised olivine 
with rhombic pyroxene, found near Harzburg, in East Slavonia, in the Monte Rosa 
district and in Maryland, supplies another illustration of the local and limited occurrence 
of peridotites, Iwiug found as layers or }iatches in such rocks gabbru and noi ite (p. 232). 

LhenoUte ’—(80 named from L'herz in the Ari^ge), a liolocrystalline rock oom- 
posed of olivine, enstatito and diopaide, with a lesser proportion of a spinelloid, sometimes 
brown {chromite, picotite), sometimes green (pl(H)nast), and iron oi'es. 

Cortlandtite (Amphibole-olivuie-i-ock) — so naiiied from its occurrence in tba 
'‘Cortlandt series" of eruptive rocks on the Hudson River, ^\here it consists of a dark 
green finegrained rock, A\itb laige hornblende prisms, fresh olivine, liypersthene, 
sometimes also diallage, biotite, apatite and hercyuite. This lock jwisses over into the 
honiblende-picntes, 

Biotite-olivine rook, composed of ohvine with biolitc, has been observed as an integral 
|)art of the norite near Har/burg, whore it proliably otrurs as one of the lenticular Itands 
already refeiuvl to as oliaiactenstic of the gabbros 

Ariegitos -under tins name M. Lacroix has recently proposed to groujt the lemark- 
able rocks which he has found in hamls or veins of the lln rzolites of the I'yrences and 
Aricgc. They aie holocrystalhne, granular aggiegates of one or several jiyroxones 
(dio|>sidp, diullage, hioii/ite) and dark gieen spiiiell, sometimes uith pyro|)«' garnet, 
brown fcnifi'roiis hornhlende, uJnch sometimes cnliicly replaces the pyroxene and is 
then ac'compiiued by biotite. These locks sometimes contain a little olivine, but they 
are jiyroxenolitcs rather than peiulotitcs. They may he most conveniently noticed 
here in connection with tlie Ihcrzohtes, of which they lorm a .suhoi-dinate part.’* 

Serpentine ^-—Undci this name are included loc ks \\hic)i, wliatevormay have been 
thoir original character and composition, now consist mainly oi wholly of serjauitine. 
As already stated, olivine readily jrasses into the condition of ftpr|K*nlinc, while the other 
minerals may n'lnaui neaily unalfected, as is admiiably seen in some jiiciites. Moat 
Her|)entiiic locks oiiginally consisted piincipally of olivine (see Figs :t2, 38). Diorite, 
gahbro, and other locks, con.sisting lari,'ely of magucsnui hiIumIcs, likewise )aisH into 
serpentine. If v.'iiiotie.s due to different phases ol alteration weio judged worthy of 
sejraiatu designation, each niemher of the peiidotitcs iniglit of course have a con* 
ceivable or lortual lepresontative among the .scopentiiies. Ihit without attempting 
this iiiinutenc''S of i ias-silication, we may with advantage ti eat. by itself, as deserving 
sjH'cial notiie, the massive foim of the miueial seipentine from what.soever lock it may 
have oiigmated 

' Thix rock, witli its plienoineiia of contact, i-> llie siiltjei tol adetailad mineralogictl htmJy 
by M. Lacroix, yi'ini'llrn Airhn . .\fu\finii, 3 sn. vi. p. See aI^o Ins notices m 0>mpt, 

iciiil. cxv. (1H92I, I'p. 97 1 and 97t5 

- Ijwtoix, Coiiipt. reiul. (\\v. fl89o). p. 7o-, and exxxn. 11th February 1901. 

•• See T.schermnk, Sil .. AUkI. U'joi, Ivi .Inly 1807 ; it was this author wlio first 
showed the derivation of serpentine from oiiKiii.al olivine loiks, Jloimey, 1/ ,S. 

xxxiii. p, 884, xxxiv, p. 769 ; (ieol. Almj. ('J) vi |> .biJ, vii. (1880), p. 538 ; (3) i. p. 406 ; 
Michel- Levy, IS. .S'. (». F. vi. .3rd ser. p. 156 ; Sleiry Hunt, Tn'ns. Itvy Sor. (Jancula, L 
(1883) ; Dathe, Nfues Jahrb. 1876, pp. 236, 337, where (janiet-Kerpentme and BrouziUi* 
serpentine are described from the Saxon graiiuhle region ; J S. Diller, Bull U. B. G. S. 
No. 38 (1887) ; M. E. Wadswortli, ‘Lithological SlmlieH’ (1884), j.. 118; JM/. Ged. Not. 
hint. Siin\ Minnf^dn, No. 2 (1887) ; J. W. Judd, V. /, G. H. xli. (1886), p. 354 ; C. A. 
M‘ Mahon, Fun-. Ged. Astoe. xi. No. 8 (1890). An account of the relations of a series of 
gabbros, |rendotites and .serpentines is given by H. W. Fairbanks, Bull. Itepl. Ged. Untv. 
(kdifiyrnWy ii, (1896), pp. 50-85 ; 'J. Trabucco, ‘Sulla jwisizione ad eta ilelle .Serj>enlin« 
Terziarie dell’ Apjvennino Settcntnonale,’ Florence, 1896. 
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M*aive 8er[»€ntine is a compact, or finely granular, faintly glimmering, or dull rock, 
easily cut or scmtched, having a prevailing dirty -green colour, sometimes variously 
streaked or flocked with brown, yellow or red. It frequently contains other minerals 
besides eer[)entine. One of its commonest accompaniments is chrysotile or fibrous 



Fig. d2.-Sttges in the alteration of Olhme. a, the nearly fresh crystal ; h, tJie alteration 
lialf completed ; c, the crystal wholly lerpcntiniaed. 

serpentine, which in veiuings of a silky lustre often ramifies through the rock in all 
directions. Other common enclosures are bronzite, enstatite, magnetite, and chrome- 
spinels, besides traces of the original olivine, pyro.xene, amphihole, mica, or felspar in 
the rocks which have been altered into .serpentine. 

As to its mode of origin, there oari be no doubt that in most eases serpentine was 
oiiginally an eruptive rock, as is clearly shown 
by its occurrence in dykes and irregular bosses. 
The frequent oecuirence of recognisable olivine 
ery.stals, or of their still remaining contours, in 
the midst of the seipentine-matrix, affords good 
grounds for assigning an eruptive origin to many 
serpentines which ha\e no distinctly eruptive ex- 
ternal form (Fig. 33). The rock cannot, of course, 
have been ejected as tlie hydrous magnesian 
silicate ser|)entine ; we must regard it as liaving 
been originally an emptive olivine rock, or a highly 
hornhlemlic or micaceous diorite, or olivine-gabbro. 
In regions of crystalline schists beds of foliated 
serpentine are met with, more especially in con- 
nection with altered limestones (West of Ireland, 
Highlands of Scotland, Northern Apennines).* 
Some writers have contciuled that such seriKUitiiie.s are products of the alteration of 
dolomite, the magnesia having been taken up by silica, leaving the carbonate of Imie 
behind as beds of limestone. Others have .supposed the oiiginal rocks, from which 
the 8ei|i«ntiues were derived, to have been a deposit fiom oceanic water, as has been 
suggested by Sterry Hunt in the case of tliose associated with crystalline schists.’^ 
Beds of serpentine intercalated with linie'.toiie might conceivably have been due to 
the elimination of magnesian silicates froiiu sea-water by organic agency, like tlie 
glauconite now found filling the chambers of /omininifmt, the cavities in corals, the 
canals in shells, sea-urchin spines and other organisms on the floor of the present 

• The serjieiitiiie.s ot Northern Italy are intercalated in the Upper, Middle, and Lower 
Eocene formations of that region. Heethe memoii of M. Trahiicco, above cited. 

’ ‘Chemical Essays,’ p. 123. 



Fig. S3. -Microscopic Structure of 
Serpentine (20 diameters). 
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Some excellent examples of the association of foliated serpentines are to be seen 
among the crystalline (Dalradian) schists of Banffshire, The serpentine ocems there in 
thick lenticular beds which, with a schistose crumpled stnicture, agree in dip with 
the surrounding rocks. They may have been deposits of contemporaneous origin nith 
the limestones and schists among which they occur, and in association with which 
they have undergone the characteristic schistose puckering and crumpling. Sometimes 
they suggest a source from the alteration of highly basic volcanic tuffs. In other cases 
they may have been erupted poridotites, either flows or sills, which have acquired a 
schistose character from the same piocess of mechanical deformation that has played 
so large a part in producing the foliation of the crystalline schists, 

CuEMirAt. Composition of some Ui.tr v-lUsio Rim'ks. 
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I. Liniburgite, Limburg, Kaiserstuhl. Analysed by Hosenbuseb, Nruat Jahrb. 1072, 

p. 54, Spcific gravity, 2 ’831 ; caibonatcs previously removed with acetic acid, 

II. Hornblende-picrite, North Meadow Creek, Montana. Analysed by J^kins, livH, 

U. S. G. a. No. 168, p. 114: contains lioriiblendn, abundant fresh olivine, 
grains of pleonaste and iron-oxides, with oi caaional hyperstliene. 

III. Duiiite, Corundum Hill, North Carolina. Analysed byT. M Chataid, op. cU. p. 

54. Ohvine-roek containing a little chromite, Bull. U. S. G. S. No. 42, p. 46. 

IV. Lherzolite, L’herz. Analysis given by Lacroix, i'ompt. rend. 11th February 1901. 

V. Ariegite, Etangde L’herz, Analysed by Ijicioix, Contains diallage, bmnzite 

and spinell. 

VI. Serpentine from alteration of salite, Osburn's soajwtone quarry, Blaiuiford, 
Connecticut Valley, Massacliusetts. Analysed by W. F. Hillebrand, Bvll. 
U. S. G. S. No. 168, p. 28 ; describe*! by B. K. Emerson, Monoy. U. S. G. S. 
No. xxix. 

VH. Serpentine, Mount Diablo, California. Analysed by W, H. Melville, U. S. G. H. 
No. 168, p. 216 : derived from the pyroxenite of a peridotite-pyroxenite dyke. 
Turner and Mel vile, Bid/. Geol. Soc. Amer. ii. pp. 383-414. 


^ According to Berthier, one of the glauconitic deiwsits in a Tertiar) liineatoue u a true 
serpentine, See Sterry Hunt, •Cliem. Essaj-s' p. 303. 
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III. Schistose (Metamorphic). 

In this section is comprised a series of rocks most of which present a 
remarkable system of divisional planes that are hot original but have been 
superinduced upon them. At the one end stand rocks which are unmis- 
takably of sedimentary origin, for their original clastic structure and 
bedding can often be distinctly seen, and they also sometimes contain 
organic remains similar to those found in ordinary unaltered sedimentary 
strata. At the other end come coarsely crystalline masses, which in 
many respects resemble granite, and the original character of which is not 
obvious. An aj)parcntly unbroken gradation can be traced between these 
extremes, and the senes was termed by Lyell “ metamorphic ” from the 
changed form in which its members are believed now to appear. In the 
earlier stages the change has taken the form of cleavage, as in ordinary 
slate. Even in slate, however, as already remarked (p. 171), a beginning 
may be detected in the development of crystalline particles, and the 
crystalline re- arrangement may be traced in constiintly advancing pro- 
gression until the whole mass has become crystalline, and forms what 
is known as a schist. 



Fig. 34. - Profilfl of H piece of Ooelsu, HhowiiiR DiAlenticular diaracter of its folia, natinal M/e. 

(B. N. Poach.) 

The Crystalline Schists, properly so called, constitute a well-defined 
series of rocks. They are mainly composed of silicates. Their structure 
is crystalline, but is distinguished from that of the Eruptive or Massive 
rocks by its more or less closely parallel layers or folia, consisting of 
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materials which have assumed a crystalline character along these layers. 
The folia may l)e composed of only one mineral, but usually consist of 
two or more, which occur either in distinct, often alternate lamiiue, or 
intermingled in the same layer. This structure resembles that of the 
stratified rocks, but it is differentiated (1) by the crystalline and often 
granulitic (p. 130) structure of the minerals; (2) by a striking want of 
continuity in the folia, which thicken out and then die away, reappear- 
ing after an interval on the same or a different plane (Fig. 34) ; (3) by 
a peculiar and very characteristic welding of the folia into e^ich other, 
the crysUlline particles of one layer being so intermingled with those 



Fin. .H.‘j -View ofa Jmii(l‘<i>eum8n III fi.ntiHtetl Mira-Mlii-it, twi.-lliinltfimtuial »!zp (H N FeacJi.) 

of the layers above and below it that the whole tends to cohere 
as a tough, not easily fissile mass; (4) by a prevalent remarkable and 
eminently distinctive puckering or crumpling (with frequent minute 
faulting) of the folia, which becomes sometimes so fine as to })e discernible 
only under the microscope ^ (Fig. 66), but is often present conspicuously 
in hand-specimens (Fig. 35), and can be traced in increasing dimensions, 
’ On the raicroscopio structure of the crystnllinc sohiittR, Hee Zirkel, ‘ MicroRcopical 
Petrography’ (vol. vi. of King’n ‘Exploration of 40th Parallel ’), 1876, p. 14, and liia ‘ Lehrluich,’ 
iii, pp. 141-425 ; Allport, (/ P* 407 ; 8orby, op. at. xxxvi, ji. 81 ; 

Lehmann’s ‘Untersuchuugen nber die Entstehung der Altkrj stallinix' lien SthiefcrgeHtelnc,' 
Bonn, 1884 ; and other memoirs cited in subsequent pages. 
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till it connects itself with gigantic curvatures of the strata, whicli embrace 
whole mountains. These characters are sufficient to indicate a great 
difference between schistose rocks and ordinary stratified formations, in 
which the strata lie in continuous Hat, parallel, and more or Jess easily 
separable layers. 

In some instances, indeed, the folia can be seen to coincide ^vith 
original bedding, as where a band of quartzite or of conglomerate is 
intercalated between sheets of phyllite or mica-schist. In such cases, there 
cannot be any doubt that the rock, though now more or less reconstructed 
and crystalline, was originally mechanical sediment. Many clay-slates, 
phyllites, and mica-schists are obviously only altered marine clays, and 
some of them still retain their recognisable fossils. From such rocks, 
gradations can be followed into chiastolite-schist, mica-schist, and fine 
gneiss. Quartzites and quartz-schists often still retain the false-bedding 
of the original sandy sediment of which they are composed, and even 
sometimes show their lines of heavy minerals, as these were assorted in 
that sediment. The pebbly and conglomeratic bands associated with 
some schists afford convincing proof of their original clastic nature. Thus, 
while at the one end of the schistose series we find rocks in which an 
original sedimentary character remains unmistakable, at the other end, 
after many intermediate stages, wo encounter thoroughly amorphous 
crystiUline masses, that bear the closest resemblatice to eruptive rocks 
into which they insensibly pass. In such instances, it may be confidently 
inferred that the amorphous structure is the original one, which has 
become schistose by subsequent deformation. (Book IV. Part VIII.) But 
just as. the traces of original stratification are not always obliterated in the 
schists which have been formed by the alteration of sedimentary strata, 
so the banded arrangement of coarse gneisses, and other crystalline schists, 
may sometimes be an original segregation-structure, like that observable 
in sills and bosses of gabbro and other eruptive rocks (pp. 131, 232). 

In the more thoroughly re-constructed and re-crystallised schists all 
trace of the original structures has generally been lost. The foliation 
is not coincident with bedding, nor with any structure of eruptive rooks, 
but has been determined by planes of. cleavage or of shearing, or by the 
alignment assumed by minerals crystallising under the influence of intense 
pressure. Along these surfaces the crushed constituents have rearranged 
themselves, and new chemical and mineralogical combinations have been 
effected during the progress of the “ metamorphism,” 

A rock possessing a crystalline arrangement into separate folia is in 
English termed a Schist.’^ This word, though employed as a general 
designation to describe the stnicture of all truly foliated rocks, is also 
made use of as a suffix to the names of ^he minerals of which some of the 
foliated rocks largely consist. Thus we have “mica-schist,” “chloiite- 
schist,” “hornblende-schist.” If the mass loses its fissile tendency, 
owing to the felting together of the component mineral into a tough 

* In French this term has no such definite signification, being applied both to schists and 
to shales. In German also the correspoiuling wonl ‘ schiefer ’ designates schists, but is likewise 
employed for iion-cry.stalline shaly rocks ; thonschiefer— clay •‘•lata : schieferthon= shale. 



\ 'A.-, ;v-.' ■ V- - ^ ' 

SECT. \ii ui 

coherent whole, the word rock *i 8 usually substituted for schist, as iu 
“ hornblende-rock,” “ actinolite-rock,” and so on. The student must bear 
in mind that while the possession of a foliated strucUire is the distinctive 
character of the crystalline schists, it is not always present in every 
individual bed or mass associated with these rocks. Yet the non achistose 
portions are so obviously integral parts of the schistose series that they 
cannot, without great violation of natural affinities, be separated fn)m 
them. Hence in the following enumeration they are incUuled as common 
accora|)animent 8 of the schists. Quartzite also may l>e placed in this sub- 
division, though in its typical condition it shows no schistose structure. 

The origin of the crystalline schists has been the subject of long dis- 
cussion among geologists. Werner held that, like other rocks of high 
antiquity, they were chemical precipitates from a universal ocean. 
Hutton and his follow'ers maintaine<l that they were mechanical aqueous 
.sediments altered by subterranean heat. These two doctrines in various 
modifications are .still mainlined by opposite schools. In recent years 
much light has been thrown upon the origin of the .schi.stose structure, which 
has been shown to be in many cases dno to the mechanical crushing and 
chemical readjustment and re-crystallisation of the materials of both 
sedimentary and igneous rock.s. This .subject is di.scus.se(l in a later part 
of this volume. (See Hook IV. Part VIII.) 

It 18 obvious that a wide .series of rocks embracing variously altered 
forms of both scdimeiitarv and igneous materials hardly admits of any 
simple system of classification. Pegarding them from the point of view 
of the nature of the meUimorphism they have undergone, geologists have 
sometimes groupe<i these rocks as residting cither from contact-meta- 
inorphi.sm, that is, from the etlccts of the jtrolrusioii of ignotms matter 
out of the earth’.s interior, or from regional nieiamorj)hism w'hore the 
changes h.ave been brought alKJUt by some wi^le.^|nead (listurbauce of the 
terrestrial crust. (Book IV. Part VIII ) Ibil this arrangement, though 
of value in discussing questions of metamorphism, ha^ the disadvantage of 
introducing theoretical considerations, and cf jilacing in dillerent groups 
rocks which undoubtedly present the same general jietrograydncal char* 
acter.s. Avoiding all disput'd questions as to nuxles of origin, I shall 
group the schists according to their mineral characters, beginning with 
those which are obviously only a further stage of the alteration of clay- 
slates, and ending with the gnei.sses, which bear a close affinity to granites. 

Argillites, Argillaceous Schiele, Phyllltee ( I’hyllatle'., Thoiisclin ^r). -Tlic ruoke 
included in thia group infi\ often be traced into tlic clay-alatcs dfsonlad on j>. 170. 
They were originally mechanical OugillaceoaH) srdiiiicnts. and niaik a turthcr atage of 
metainorjdiism, wherein, Wsides mech.anical di foiiuation, thewj has bc('n a more or leaa 
decided crystallisation of the mateiiafc, as is demonstrated hy tiie increase in number 
and size of the “needles” of the slices, by the greater development of secondary mica, 
and by the appearance of such minerals as diiastolite, andalusite, staniolite, garnet, 
&c.> When a clay-slate becomes lustrous by the development of mica, it is known aa 

’ See the interesting papers by Professor Reiiard on the Pbyllades of the Ardennes and 
the garnetiferous and hornblendic rocks of Ihutogne, fiuH. Mvn. Rt>y. Jirly. i. (1882), lii. 
(1884), and the analyses by M. C. Klement, op. dt. v. (1889), p. 1R3. Compare T. Mellard 
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Phyllite-a teini which maybe regarded as eiAbracing the intermediate group of rocks 
between normal clay -slates and true mica-schists. Many phyllites sliow. original 
bedding, often well marked by colour-bands and by the alternation of sandy layers 
while the rocks sometimes even enclose organic remains. They are of all ages, froni 
pre-Cambrian up to Tertiary. 

Chiastolite-slate (Schiste macid), a clay-slate in which crystals of chiastolite have 
been develope<l, even sometimes side by side with still distinctly preserved graptolites 
or other organic remains^ (Skiddaw, Aberdeenshire, Brittany, the Pyienees, Saxony, 
Norway, Massachusetts, Ac.). Stniirolite-slate, a micaceous clay-slate with crystals 
ofstaurolite (Banffshire, Pyrenees). Ottrelite-slate, a clay -slate marked by minute, 
six-sided, greyish or blackish gieen lamella; of ottrelite (Ardennes, where it is said to 
contain remains of trilohite.s, Bavaria, New England). Dipyre-slate is full of small 
crystals of dipyre, Bericite-phyJlite is a name proposed by Lessen for those com- 
jMWt, greenish, reddish, or violet scricite-schists in which the naked eye can no longer 
distinguish thecomjmnent minerals. Mica- j>hyllite {phjillade(jrisfeuilleU of awmont), 
a silky, usually very fi.s.sile slate, with minute scales of mien, fJerman petiographers 
have distinguished by name some other varieties found more particularly iii areas of 
contact-mctamorpliisrn arouml masses of granite, and characterised by different kinds 
of concretions, but to which no special English designations have been given. 
Knotensohiefer (Knotted sehi.st) contains little knots or eoncretions of a dark green 
or brown, fine-granular, faintly glimmering substance, of a taloose or micaceous nature, 
imbedded in a finely laminated inatri.v of a talc-like or mica- like inineiaL' These 
aggregations appear to be in many ca.ses incipient stages in the foiniation of definite 
crystals of such minerals as andalnsite. In Fruchtsohiefer the concretions are like 
grains of corn; in Oarbensehiefer, like caraway seeds; in Fleck-sidiiefcr, like 
Hecks or spots. Some ot these rocks might be inclinlod with the niica scbists, into 
varieties of which they pass. Round some of the eriiidive diabase of the liar/, the 
clay-slates have, been altered into various crystalline masses to whicli names have iieen 
attached. Thus Spilosito is a greenish, schistose lock, oomposed of finely granular or 
compact feisjiathic material, with sirmll chlorite concretions or scales, Desmosite 
ia a schistose mass in which similar materials arc dis[K)sed in more distinct alternations ■' 
Ilornfels, another result of contact-metamorphi.sin, is refericil to on p. 2.')1. 

Quartai - schist ^ (f^chistosi' quartzite), an aggiegate of granular (or giannlitic) (piartz 
with a sutticient development of fine folia of mica to iinpait a more or less delinitely 
schistose structure to the lock. The disappeaiance of the mica gives (piart/ite, and 
the greater prominence of this mineral affords gradations into niica-scliist. Such 
gradations are quite analogous to those among recent sedimentary materials from pure 
sand, through muddy sand, and sandy miul, into mud or clay, and between saudstoucs 
and sliales. The Highlands of Scotland, for instance, embrace large tracts of quartz- 
schists— rocks whioli are not jiroperly either^mica-schist or ordinary quartzite. They 
consist of granular (granulitised) quartz, with fine parallel laminrc of mica, and are 


Reade and P. Holland, “The Phyllades of the Ardeiine> loiiiparetl with the Slates ot North 
Wales,’' Pivc. Livtrpool Oeol, Soc. 1897-98, p. 274, and 189P-1900, p. 463. 

' A good illustration of this association is figured by Kjerulf in Ins ‘(toologif des Snd- 
llchen und Mittleren Norwegeu,’ Plate xiv. Fig. 246. See also Brogger’s nu-nioir on Up{)er 
Silurian fo.ssils among the cryetalliue rocks of Bergen : Christiania, 1882. A similar 
association occurs in the graptolite-shales next the franite of Ciallowiiy, Scotland. 

* A. von Laaaulx, Xenes Jahrb. 1872, p. 840. K. A. Los-sen, Z. t). (»'. G, 1867, p. 585 
(where a detailed description of the Tannus phyllites will be found), 1872, p. 757. 

“ Other names are Bandschi^er, Cmtactschi^er, Ac. SeeK. A. Lossen. Z. I>. f/. xi\. 
(1867), p. 509 ; xxi. p, 291 ; xxiv. p. 701 ; Kayser, op. cit. xxii. p. 103. 

* J. Maccnlloch, Tmns. G«d. 1st ser. ii. (1814), p. 460 ; iv. (1817), p. 264 ; 2nd 
aer. i. (1819), p. 63. Lossen, Z. IK G. G. xi,\. (1867), pp. 615-634. 
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cajitble of being split into thick or th;n flagstones. luterstretifled pebblj varieties 
occur. 

Itacolnmite— a schistose quartzite, in which the quartz granules are separated by 
fine scales of mica, talc, chlorite, and sericite. Occasionally these pliable scales are so 
arranged ‘as to give a certain flexibility to the stone (flexible sandstone). This rock 
occurs in the south-eastern states of North America ; also in Brazil, as the matrix in 
which diamonds are found. 

Siliceous schist (Lydian-stone, Lydite, Kieselschiefer) has already Iwen described 
(p. 167) among the stratified rocks ; but it also occura among the crystalline schists, 
sometimes as the result of the pulverisation of quartzose rocks (My Ionite). 

Quartiite (Quartz-rock), though not properly a schistose rock, may he most con- 
veniently considered here, us it is so constant an accompaniment of the schists, and, like 
them, can often be directly traced to the alteration of former sedimentary formations. 
It is a bedded, granular to conijmct mass of quartz, generally white, sometimes yellow 
or red, with a characteristic iiistrous fracture, occasionally pebbly, and even accom- 
panied by conglomerates or boulder-beds. It occurs in association with schists, some- 
times in continuous masses hundreds of feet thick. In Scotland it forms ranges of 
mountains, and in the north west Highlands i.s crowded with amiclide burrows and 
accompanied by beds of limestone which contain Cambrian fos.sils.' 



Fig 31). Cont-ortcil Micacc<niM-«chiHt, as sci-ii 
under the inicrom-ope witli a magnifying 
jjower of 50 dlainctere. 



Even to the naked eye, the finely granular or arenacfous structure of qnart/:jto is 
ilistinctly visible. Microscopic examination shows this stiucture still more clearly, and 
leaves no doubt tlmt the rock originally consisted of a tolerably ])ure quartz-sand (Fig. 
37). More or less distinct evidence of ernshing and deformation of the grains may often 
be oliserved, likewise proof of the transfusion of a siliceous cement among the jiarticles. 
This cement was proliably produced by the solvent action of heated water upon the 
quartz grains, which seem to shade off into each olhei, or into the intervening silica. It 
is owing, no doubt, to the purely siliceous character of the grains that the blending of 
these with the surrounding cement is so intimate as often to give the nx-k an almost 
flinty homogeneous texture. That quartzite, as here deacribed, is an original sediment- 
ary rock, and not a chemical deposit, is shown not only by its granular texture, but by 
the exact resemblance of all its leading features to onlinary sandstone— false-bedding, 
alternation of coarser and finer layers, accumulation of heavy minerals, worm-burrows, 

* See the sections on the pre-Cambrian and Cambrian systems, Book VI. Parts I. and II. 
Sect. i. On the metamorphic quartzose rocks of Morbihan, France, aee Barrois, .1 mt, 
Nord. \i. (1884). Compare Hollas, .Slri. Proc. Rtry. Ihtblin Soc. vii. (1892), p, 169, 
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and fucoid-casta. The lustrous fracture that distinguishes this rock from sandstone is 
due to the exceedingly firm cohesion of the component grains, which bi-eak across rather 
than separate, and to the consequent production of innumerable minute clear vitreous 
surfaces of quartz. A sandstone, on the other hand, has its gi’ains so loosely coherent 
that when the rock is broken the fracture passes between them, and the new surface 
obtained presents innumerable dull rounded grains. 

Besides occurring in alternation with schists, quartzite is also met with locally as an 
altered form of sandstone, which when traversed by igneous dykes is indurated for a 
distance of a few inches or feet from the intrusive mass. These local productions 
of quartzite show the characteristic lustrous fractme, and have not yet been distinguished 
by the microscope from the quartz-rock of wide metamorphic regions. Tliere is still 
another condition under which this rock, or one of analogous structure, may bo seen. 
Highly silicated bands, liaving a lustrous aspect, fine grain, and great hardness, occur 
among unaltered shales and other strata of Pahcozoic and even of Tertiary age. In 
such cases the supposition of any general metamorpliism being inadmissible, we may 
infer either that these quartzose bands have been indurated, for example, by the passage 
through them of silicated water, or that they are an original formation. 

Schistose Conglomerate Bocki. — In some logions of schists, not only bands of 
quartzite occur, representing former sandstones, but also pebbly or conglomeratic bands, 
in which j^iebbles of quartz and other materials from less than an inch to more than a 
foot in diameter (boulder bods) are imbedded in a foliated matrix, which may be phyllite, 
mica-aohist, gneiss, (piartzite, feeJ Examples of this kind are found in tlie pass of the 
Tete Noire between Martigny and Chaiiiouni, in the Saxon granulite region, in the Bergen 
region of Norway, in the north-west of France, in north-west Ireland, in the islands of 
.\rran, lalay and (larvelloch, in Perthshire and in other parts of the central Highlands 
of Scotland. The {lobbies are not to be distinguished from the water -worn blocks of 
ordinary conglomerates ; but the oiiginal matrix which encloses them has been so altered 
as to acijuire a micaceous foliated structure, and to wrap the pebbles round as with a 
kind of glaze. These facta, like tliose already referred to in the structure of quartzite and 
argillaceous and quurtz-.schi.st, arc of considerable value in reganl to the theory of theoiigin 
of soino crystalline schists. Crush-conglomerates (p 164) may also liecome schistose. 

Graphite-schist is a name given to scliistoso bands wliioh not inijirohahly rcpieseiit 
what once were curhoiiaceous shales hut are now jdiyllitos or mica-schists, isith a black 
colour from the graiihito with which they are filled. They liave been met with in 
many regions of crystalline schists, and can sometimes, as in the Scottish Highlands, bo 
follow’od for long distances.''^ 

Crystalline Limestone.— Further evitlenceof the sedimentary origin of some crystal- 
line schists is supplied by the occurrence of hands of limestone, which wei e doubtless oi igin- 
ally deposits of calcareous sediment. They now always present a more or less distinctive 
crystalline structure (nmrmarosis). When purest they form white .statuary Marble 
(p. 192), but the i)reaenoe of original impurities has given rise to the production of a 
large nunilver of included minerals. ■’ Popular names have l>een given to the more marked 

* Pi’ofe.ssoi Wichmami describes some curious examples of serpentine conglomerates. See 
his papiT in ‘ Beitrage zur Geologic Ost-Asieiis nnd Australiens,’ ii. pp. 35, 111. Ou the 
oonglomerate-.schists of Saxony, see A. Sauer, 'Geol. S{)eoialkarte?acltscn,’ Sect. “ Elterlein ” ; 
also LeMimnii’s ‘Altkryst Schiefergestciue,’ p. J24. Reusch, ‘Silurfossiler og Pressede 
Konglomerater,’ Christiania, 1882. Barrois, .Inw. iSoc, 0!(^. X(ml. xi. 1884. A coarse 
congloiiiemte or *• boulder-bed ” forms a j)er.sistent band at the base of the quartzite serl^ 
of the central ami south -w'cstern Highlands of Scotland. 

“ Dr. Koto has described a spotted graphite schist a.s attaining a considerable develop- 
ment among the crystalline schists of Chichibu in the main island of Japan, Jmirn, Coll. Sci, 
Vuic. Japutu vol. ii. part ii. (1888), p. 90. * 

® See nn alphabetical list of these ininerali. in Zirkel's ‘ Lehrbuch,’ iii. p. 448. 
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▼arieties of marble that are available for ornamental purposes, these names being usually 
taken from the places whence the stones were first obtained, or from their colour or 
markings.^ Among the terms of more geological significance the following may bo noted : 
Cipollino— a marble showing bands (often plicated) of different shades of green, in 
which the calcite is interleaved with scales and folia of mica and talc, with sometimes 
other minerals. Ophicalcite— a fine-grained rock in which the calcitc is mingled with 
green serpentine. Under the microscope the 8crpenti)ie giains sometimes reveal a central 
core of still recognisable olivine.- 

Homfela. — Some impure limestones, dolomites and <aIcarcous or dolomitic sliulcs 
have by contact-alteration been converted into compact, olose-giaincd jocks, in winch 
the lime has been united to silicic acid, producing various lime-silicutc.s («ollastonit« 
scapolite, &c.). Such metamorphosed materials aie kmnvii as llornfels oi lime-ailicate- 
rocks (Kalksilicathornfels). 

Auglte-achlit— a fiue-grained schistose aggregate of pale or daik-giccn aiigitc, with 
sometimes quartz, plagioclase, magnetite, or chlorite ; found rarely among the ciy.stallino 
schists. From the schistose rocks of the Taunus, Loss<‘n dcsciilied .some uncresting 
varieties under the name of Augite-schist (Aiigitschiefcr). They are green, comi>act, 
sometimes soft and yielding to the finger-nail, usually distinetly schistose, and interbeddetl 
with the gneisses and schists. They are composed of a fine dull diabase-like ground -mass, 
through which are dispersed crystals of augite, 1 to 2 mm. in length, which in the 
typical varieties arc the only com{>ouents distinctly recognisable by the naked eye.* 

Augite-rock -a granular aggregate of augite (with toinmaline, sphene, scapolite, 
Ac.), found in beds in the I^aurentian limestone of Oanada. .Malacohte-rock is a jiale 
granular to compact, or even fibrous aggregate of malacolitc, found in beds in I'ryKtalline 
limestone (Kiesengebirge). 

.Oreenatone-achist, Dlabaae-achiat, Oabbro-achiat. - The suggestion made many yeai-s 
ago by J, IJeete Jukes* that the bauds of <lark lionildcndic mateiial intercalated among 
the crystalline schists might represent former sheets of lava or tuff, which have been 
metamorphosed together with the sedimentary strata among wlncli they weic luteiealated, 
has been amply confirmed by subsequent observation The connection o( some schists 
with original masses of diorite, gabbro and diabase was pointed out by Lehmann,*’ and hia 
observations have lieen verified by later researches in many diffeient pails of the world. 

It is now recognised that masses of eruptive rock, whether intrusive or contem|>oiuiieouNly 
interstratified os 8U|)erfical lavas or tuffs, have sometimes been alterwanls subjected to 
severe crushing under great pressure, and have theiehy acquired a more or less distinctly 
foliated structure, without entirely losing all trace of their original ehar.acter. Solid 
“ eyes ” or lenticular lumps are left between the niatennl which has been crushed down 
and has re-crystallised as schist (Figs. 265, 266). Xames arc given to such sclii.sts to 

' An exhaustive account of marbles will be found in ‘ History and Uses of Luncstones and 
Marbles,’ by S, M. Burnham, Boston, 1883, pp. xv., 3y2, with forty-eight cliromoiithographs 
of the stones. 

' Zirkel,A''euesJ(//ird. 1870, p. 828. For accounts ofa region of cii>ollinos and ophicalcltes, 
see (i. P. Merrill, Avi/r, Jmrn. Sci. March 1889, p. 189 ; also J. P. Kemp. HvU. (Jed, Sttc, 
Amttr. Vi. (1895), pp. 241-262. » Los-sen, Z, J). (J. (f. .\ix. (1867), p. 558. 

* This term was applied by Macculloch to some of the Tertiary gabluos of the west of 

Scotland. It has also been given to some varieties of gabbro (p. 232). * 

* ‘ Students’ Manual of Geology,’ 2nd*edit. (1862), pp. 169, 172. 

® * Untersuch. Entst. Altkrystall. Schief.’ S<‘e also (tumbel, ‘ Die Palaolitisrhen Ernptiv- 
ge-steine des Ficbtelgebirges,’ Munich, 1874, p. 9 Teall, Q. J. O'. S. xb. (1883), p 138 ; 

‘ British Petrography,' p. 198, Hatch, Mem. (Jed. Survey, " E.\planalion of Sheets 138, 139, 
Ireland,” ji. 49. Hyland, Mfin. (Jed, Survey, “Explanations of North-west Donegal, and of 
South-west Donegal,” Petrograpliical Apf>endifes. (i. H. Williams, Hull. (’.S. (J. S. No. 62, 
1890. This .subject is further noticed in Book IV. Part VIII. Sect. ii. 



202 


OEO&mSY 


BOOK n PAM II 


express both their original and metainorphic character. Under the designation of Green- 
stone-achista the late G. H. Williams described a remarkable aeries of transformations 
of the basic eruptive rocks of the Menominee and Marquette regions of Michigan. 
Originallj those rocks included olivine-gabbros, ordinary gabbros, diabase (the most 
frequent type), diabase • porphyry, melaphyre and diorite, but by a complex process 
of compression, faulting and crushing they have been tninsfomied into various forms of 
schist.* In the Taunns a series of diabase-schists has been described by L. Milch.'^ 
Gabbro-schist is a granular to schistose aggregate of plagioclase and diallage which 
occurs in lenticular bands among the amphibolites and granulites of the crystalline 
schists. The diallage may appear in conspicuous crystals, and is sometimes associated 
with abundant olivine, as in ordinary gabbro (p. 231) •’ 

AxnphibolitCB— a name applied to a group of rocks, comiwsed mainly of hornblende, 
sometimes schistose, sometimes massive. Besides the hornblende, numerous other 
minerals, such ssare common among the schists, likewise occur,— orthoclase, plagioclase, 
quartz, augite and varieties, garnet, zoisite, mica, rutile, ko. Where the rock is 
schistose, it becomes an Amphibolite-schist or Hornblende-schist; or if the 
hornblende takes the form of actinolite, Actinolite-schist. (J laucophane-schist^ 
— a bluish-giey or black rock, in which the soda-amphibole occuis in the form of the 
beautiful mineral glaucophane, is of somewliat rare occurrence. It is met with in 
Anglesey, the Southern Alps, Greece, Corsica, Celebes, Japan, California and Oregon. 
From the Greek island of Syra, where this form of schist has long been known, Mr. 
Washington has recently described the following varieties : Kpidote-glaucopliane-scliist, 
Mica - glaucophane • schist ; Quartz - glaucophane • schist ; he notes also a Garnet- 
glaucophano- schist and a Zoisite -glaucophane .sclii.st from California. Actinolite- 
magnetite-schist occuis in the Mesabi^ Iron Kange, north-eastern Minnesota.’' Where 
an amphibolite is not schistose, it used to bo termed kornblendc-m-k. Nc j>h rite (Jade) 
is a compact, extremely finely Hbroiis variety. The presence of other minerals in 
noticeable (piantity may furnish names for other varietie.s. Thus, where plagiocla.se 
(and some orthoclase) occurs, the rock becomes a Felspar-amphibolite, Dioritic 
amphibolite, or Diorite-schist.” Amphibolites occur as bands associated with 
gneiss and other members of the senes of crystalline schists. They probably m most 
oases represent original sheets of basic igneous rock. Various types of an>pbil>olite have 
been mot with abundantly by the oflicere of the Geological Survey in the Highlands of 
Scotland and in Ireland, where what were doubtless originally pyroxenic masses erupted 
prior to the metaniorpliism of the region, have had their augite changed by para- 
morphism into hornblende, and have partially assumed a foliated structure, passing into 
Epidiorito (p. 224), Epidiorite-schist, amphibolite-schist, and even serjientino. 

Eologlte, one of the most beautiful members of the crystalline-schist series, is a 
granular aggregate of grass-green oinphacito (pyro.veiic) and red garnet, through which 
are frequently dispersed hornblende, quartz, kyanite, zoisite or white mica. It occurs 

* Bull. V. S. (,\ .S’ No. 62 (1890). 

/. 1). U. O. xli. (1889), p. 394. 

* Rocks of this character occur in the Saxon “ Granulitgebirge," and also in Lower Austria. 
F. Becke, Tschennak's J/i’a. Mittfi. iv. p, 352. J. Lehmann’s ‘Untersuch. Entstehung 
Altkryst. Schiefer,' p. 190. t\ W. Hall, Gal>bro-8chi.sts of S. W. Minnesota,” B, U. S. a. .s’. 
No. 157 (1899). 

On glaucophane -rocks, see H. Rosenbusch, ‘Eleniente der Gesteinslehre,’ p. 621 ; Sitxb. 
Aka<L Wisa. Berlin, xlv. (1898), p. 706, H. S. Washington, “A Chemical Study of the 
Olaucophane-schists,” Amer, Journ. Sci, xi. (1901), pp. 35-59 ; Bonney, Mineralog. Mag. vii. 
p. 1, and viii, p. 151. A. Wichmaun, Nenes Jakrb, (1893), il p. 176. 

“ W. S. Bayley, Avter. Jmrn. Sci. xlvi. (1893), p. 176. 

" See F. Becke, Tachemak'a Min. MUth. Iv. p. 283. This author likewise distinguishes 
diaUage -amphibolite, garnet-ainphiboUte, salite-amphibolite, zoiaite-amphibolite. 
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in banda iu Archaean gneiss and mica-schist* To those varieties where the kyanita 
becomes predominant, the name of Kyanite-rock has been given. Garnet-rock is a 
crystalline-granular rock composed mainly of garnet, w'ith hornblende and magnetite ; 
by the diminution of the garnet it passes into an amphibolite. Kin zigi te— a crystalline 
schistose rock, composed of plagioclase, garnet, and black mica, found in the lllack 
Forest (Kinsig) and the Odenwald. In the island of Syra, among the various glauco- 
phane-schists above referred to, a beautiful (ilaucophane-eclogito occurs comiiosedof 
large grains of green omphacite, red gurnet, small prisms of blue glaucophane, with mica, 
quartz, rutile, and other minerals. 

Epidoiite (Quartz-epidote-rock, Pistacite-rock)— an aggregate of bright green e])idote 
with some quartz, occurs with chlorite-schists ^Canada), with gianite and aerjientine 
(Elba), and with syenite. Epidote-schist, a schistose greenish rock, with silvery 
lustre on the foliation surfaces, composed of epulotc. sericite, magnetite, qn.artz, calcite, 
plagioclase, and sjiecular iron." 

Chlorite-ichlat (Ripidolite-schist Clinochloro-schist)~a scaly or granular schistose 
aggregate of some chluritic mineral (|)erha]»s in most oases clinochlore), u.snally with 
quartz and often with felspar, talc, mica, epidote or magnetite, the last-nsmed mineral 
frequently appearing in beautifully jteifoct disseminateii octohedia. Occurs with gneiss 
and other schists in evenly bedded masses. 

Talc-Bchiat— -a schistose aggregate of scaly talc, often with quaitz, felspar, and other 
minerals ; having an unctuous feel, and white or gieeiiish eoloiir. Occuis soniewliat 
raredy in beds associated with miea- schists and cla}-8lato, and frequently contains 
raagnotitp, chlorite, mica, kyanite, and other minerals, including carbonates. A 
massive variety, composed of a finely felted aggregate of scales of talc, or chlorite, is 
called Potstone (Topfstein). Many rocks with a soapy or unctuous feel have lasen 
classed as talc-schist, which contain no talc, but a variety of mica (sencite-schist, Ac.). 
Talc-schist, though not .s[)ecially abundant, occuis in consideiable mass in the A4« 
(Mont Plane, Monte Rosa, Carinthia, Ac.), and is found also among the Ajiennine and 
Ural mountains. 

Peridotites of the Crystalline Schists.^ Rocks of which olivine forms a main 
constituent occur as subordinate bands or inegnlar inasse.s a.ssociated with gneis.se.« and 
other schistose rock.s. They weie probably eniptiv«j masses, eontcinjKiraneous with or 
subsequent to the surrounding gnomes and schists. The olivine is commonly associ- 
ated with some pyro.\emc mineral, hornblende, gainet, Ac. The following variotioa 
have received special names,— Garnet-olivine ro(k, Ihonzite-olivuie io<'k, Amphiliole- 
olivine rock. Some of the rocks mentioned ut pp. 240-243 may also be included here. 
Diinite, for example, which occurs in apparently eruptive form at Dun Mountain, near 
Nelson, New Zealand, is found iu North Caiolina in hed.s with laminated stnietiire 
intercalated in hornblende-giiei.ss. Eulysite lies in lenticular layers in the Swedish 
giieis.s. Many of these locks have undergone mm h crushing and deformation, and fwas 
into foliated forms of Serpentine, w'hich must thus be reckoned as one of the whistoM} 
as w'cll as one of the eruptive series. The lemaikalde schistose seriien tines interltedded 
among phyllites, mica-schists, and limestones in Uanlfshire have been already referred 
•to (p. 243). 

Halleflinta— an exceedingly compact, hoi nstone- like, felsitic, grey, yellowish, 
greenish, retldish, brownish, or black lock, comyKise<l of an intimate mixture of micro- 
scopic [Mirticles of felspar and quartz, with fine Msiles of mica and chlorite. It breaks 

* See A, I.acroi.\ on the Eclogites of tlie l>ower Loire, liiiU. S<k. Sci. yut. cU I’Oimt Ut Ui 
France,, Nantes 1891. 

' See Wichmatin on Rocks of Timor, ‘Beitrage zur Geologic Ost-Asiens iind Australiens,’ 
11. I’art li. j). 97, Leyden, 1884. 

* See Tsohermak, SUsh, AkaU. Wixtifn., Vienna, IvL (1867). K. Becke, TachermoF t 
Min. MiWi. IV. (1882), p. 322. E. Dathe, Nrues Jahrfn 1876, pj*. 25f*-337. 
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with a splintery or conchoidal fracture, presents under the nucro8co|)e a finely crystalline 
structure, occasionally with nests of quartz, and is only fusible in fine splinters before 
the blow-pijM*. Some of the rocks to which this name has been applied are probably 
felsitic lavas ; others, though externally presenting a resemblance to felsite, occur in 
beds intimately associated with foliated rocks (Norway), and may be metaraorphic 
products (perha|>8 altered fine sediments) due to the same series of changes that gave 
rise to the crystalline schists among which they lie.* 

Adinole (Adinole-8chist)--a rock externally resembling the last, but distinguished 
from it by its greater fusibility. It is an intimate mixture of quartz and albite, con- 
taining alK)ut 10 per cent of soda. It is a product of alteration, being found among the 
altered Carboniferous shales around the eruptive diaba.ses of the Harz, in the altered 
Devonian rocks of the Taunus, and in the altered Cambrian rocks of South Wales. *■* 

Porphyrold— a name variously applied {ante, p. 130), perhaps best reserved for rocks 
composed of a felsite-like ground-mass which has assumed a more or less schistose 
structure from the development of micaceous scales, and which contains porphyritically 
scattered crystals of felspar and quartz. The felspar is either orthoclase or albite, and 
may be obtained in tolerably {)erfect crystals. The quartz occasionally presents doubly 
terminated pyramids. The micaceous mineral may be paragonite or sericite. Porpbyroid 
occurs in circumstances which indicate considerable mechanical deformation, as among 
the schistose rocks of Saxony,* in the Paheozoic area of the Ardennes, ■* as well as in 
Westphalia and other parts of Eurojuj.® Most porphyroids are probably sheared form.s 
of quartz- porphyry, or similar rocks, the fi.s.sile structure and the micaceous films Iwiug 
precisely such as would be prmluced by the crushing and partyil re-crystallisation of 
these rocks. In some cases the original materials may have been volcanic tuff. 

Tourmaline-schist (Schorl-schist, schorl-rock), a blackish, finely granular, quartzose 
rock with abundant granules and needles of black tourmaline (schorl), whicli occui's as 
one of the products of contact-metamorphism in the neighbourhood of some granites 
(Cornwall). 

Mioa-aohlst (Mica-slate, GliuMuerschiefor), a schistose aggregate of quart/ and mica, 
the relative proportions of the two imncrals varying widely even in the same mass of rock. 
Each is arranged in lenticular wavy laminie. The quartz shows great inconstancy in 
the number and thickneswof its folia. It often presents a granular character, like that 
of quartz-rock, or passes into grumilite. The mica lies in thin plates, sometimes so 
dovetailed into each other as to form long continuous irregular crumpled folia, separating 
the quartz layers, and often in the form of thin sjtangles and membranes running in 
the quartz (Figs. 35 and 36). As the rock splits open along its micaceous folia, the 
quartz may not bo readily seen save in a cross fracture. 

The mica in typical mica-schist is generally a white variety ; but it is sometimes 
replaced by a dark slides. In many lustrous, unctuous schists which are now found 
to have a wide extent, the silvery foliated mineral is ascertained to be a mica (sericite, 
raargarodite, damourite, Ac.), and not talc, as was once supposed. These were named 
by Dana hydro-mica schists. Among the accessory minerals, garnet (specially chaiac- 
teristic), schorl, felspar, hornblende, kyanite, staurolite, chlorite, and talc may lie 
mentioned. Mica-schist readily passes into other members of the schistose family. 
By addition of felspar, it merges into gneiss. By loss of quartz and increase of chlorite, 


* For analyses see H. Santessoii, ’ Keiiiiska Bergpsartanalyser.’ 8vw, Stockholm, 1877 ; and 

for details as to the Swedish rocks, 0. NonlenskjoW, Finen. xviii. (1895), 

pp. 658-682. 

* Lossen, Z. D. O. G. \\\. (1867), p. 578. See also Q. J. 0. S. xxxix. (1883), pp. 302, 
320 ; Rosenbusch, ‘Mikrosk. Physiog.’ ; F. Posepiiy, Tschemak’s Mia. JUitt/i. \. 175. 

* Rothpletz, Geot. Survfi/ Saxoiiif, “ Explanation of Section Roclilitz.” 

* De la Vallee Poussin and Reuanl, Mh». CouronuA's Acad. Roy, Bchj. 1876, p. 85. 

* Lossen, Sitz. GestUach. Natw'f. Freundt, 1888, No. 9. 



it passes into chlorite-schist, and by the loss of mica, into quartz-schist and quartzite. 
By failure of quartz and diminution of mica, with an increasing admixture of calcile, 
it may shade into calc-mica-schist (see below), and even into marble. Mica-schist 
varies in colour mainly according to the hue of its mica. 

Mr. Sorby has stated that thin slices of some mica-schists, when exaniiiied under 
the microscope, show traces of original graiirs of quartz-sand and other sediinentar} 
particles of which the rock at first consisted. He has also found indications of what ho 
supposes to have been current-beddiug or ripple-drift, like that .seen in many fine sedi- 
mentary deposits, and he concludes that mica-schi.st is a crystalline metaniorpho.seil 
sedimentary rock.* In many, if not in most cases, however, the foliation docs not 
corresjiond with original bedding, but with structural planes (cleavage, faulting) 
superinduced by pi'cssiire, tension, or otherwise, upon rock.s which may not always llu^e 
been of sedimentary origin. 

Among the varieties of mica-schht may he mentioned Seiicite-schist (which may 
be also included among the phyllites), coiniiosed of an aggregate of fine folia of the Silk\ 
variety of mica called sericite, in a compact honestone-like quartz ; Paragon ite-schi.Ht, 
where the mica is the hydrous soda variety, paragonite ; Gneiss-mica-schist, con- 
taining disjiersed kernels of orthoclase. Other varieties have lieen named Sil liman it e 
mica-schist, Epidote-mica-schist, Chloritoid-mica-sohist, (Jraphite-niica- 
schist. Some of these rocks contain little or no quartz, the place of which is taken hy 
felspar. Calc-mica-schist is a schistose calcareous rock, which in many, if not in 
all cases, was originally a limestone with more or less muddy imjmrity. The carbonate 
of lime has assumed a giaunlar-crystalline form, while the aluminous silicates have re- 
crystalliaed as fine scales of white mica. Tremolite, zoisite, and othei minerals are 
not infiequent in this lock. 

Normal mica-schist, together with otlierschisto.se rocks, forms extensive regions in Nor- 
way, Scotland, the Alps, and other parts of Europe, and vast tracts of the “ Aichieaii ” 
regions of North America Some of its varieties are also found encircling granite 
masses (Scotland, Iieland, kc.) as a zone or aureole of oontaet-inetamoiphism fioin a 
few yards to a mile or so broad, which shades away into unaltered gieywacke or slate 
outside. Ill those cases, mica-schist is unquestionably a metamorphosed condition of 
ordinary sedimentary strata, the change being connected with the extiavasatioii of 
granite. (Book IV. Part VIII. i 

Though the possession of a fissile structure, showing abnndunt divisional surfaces 
covered with glistening mica, is charactei istic of mica- schist, w« must distinguish 
lietween this structure and that of many micaceous sandstones whicli can bo split into 
thin seams, each splendent with the sheen of its mica-Hakes. A little examination will 
show that in the latter case the mica exists merely in the form of detached worn 
(clastic) scales, which, though lying on tlie same general plane, are not welded into 
each other as in a schist ; also that the quartz does not exist in folia but in rounded 
separate grains. In uiica-scliist, on the other hand, the minerals have crystallised 
in sUu. 

Qiielii.“Thi8 nauui, formerly restricted to a bchistose aggicgate of orthoclase (often 
microcline or a plagioclostic felspar, eithei i>e|>aratc or crystallised together), quartz, and 
mica, is now commonly employed in a wider sense to denote the coarser schists which 
so often present granitoid characters.''* Many gneisses, indeed, differ from granite chiefly 

* V. J, O. a. (1863), p. 401, and his*8<Mress in vol. xxxvi. (1880), p. 85. The apparent 
current-bedding of many granulitic and other inetaiuorphic rocks is certainly deceptive, 
and must be due to planes of shearing or slipping in the mechanical movements which 
produced the metamori)hi8ni. 

See Kalkowsky’s ‘ Gueissfonnation des Enlengebirges' Leipzig, 1B78 ; ls;limaiin’s 
‘ Altkrystallinische Schiefergesteine,’ 1884; F. Becke, Miv. Mitlh. 1882, p. 

194 ; E. Weber, <//>. cU. 1884, p. 1, aud poitw, Book IV. Part VIII. § ii., and the account 
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in the foliated arrangement of the minerals. Others again are of intermediate composition, 
while some are decidedly basic. This wide range of chemical constitution is what might 
be expected if these rocks have to any large extent been produced by the dynamic and 
thermal mctaniorphism of eruptive masses of diverse comjwsition. In minute structure 
the gneisses present njuny jioiuts of affinity with the massive rocks. Thus the quartz 
sometimes contains abundant liquid and gas inclusions, in which carbon-dioxide has been 
detected (p. 142). The relative proportions of the minerals, and the manner in which 
they are grouped with each other, in many respects recall the eruptive rocks, but are still 
more varied. As a rule, the folia are coarser, and the schistose character less perfect than 
in mica-schist. Sometimes the quartz lies in tolerably pure bands, a foot or even more in 
thickness, with plates of mica scattered thron^h it. These quartz layers may be re- 
placed by a crysUlline mixture of quartz and felspar, or the fels[>ar will take the form 
of inde]iendent lenticular folia, while the lamina; of mica which lie so abundantly in the 
rock give it its fissile structure. The felspar of many gneisses presents under the 
microscope a remarkable fibrous structure, <lue to tlie crysUlllsation of fine laniellie of 
some plagioclase (albite or oligoclase) in the main mass of orthoclase or inicrocline.^ 
Among the accessory minerals developed in gneisses, garnet, tourmaline or schorl, 
hornblende, pyroxene, cordierite, .sillimanite or fibrolite, andaliisite, epidote, ajiatite, 
grapliite, pyrites, zircon, sphene, rutile and magnetite may be enumerated. 

One of the most jiromiuent structures in typical gneisses is the banding of their con- 
stituents in approximately parallel lenticular layers, which sometimes differ greatly from 
each other in composition. Thus in the acid varieties, bands of quartz may be seen 
alternating with bands of orthoclase or other felspar, or with black liornblende or mica. 
In the more basic kinds, white layers, chiefly composed of plagioclase felspars, may be 
found separated by darker seams of pyroxene or magnetite That this separation of 
mineral constituents has not been produced by any subsequent process of deformation 
ami re-arrangoment, but belongs to the original structure of the masses, is lendered 
highly probable by the discovery of a closely similar arrangement in large bodies of 
acid and lia.sic eruptive material. Reference has already been made to the banded 
character of some gabbios {ante, p. 232). But the analogy of structuie goes still further 
than the evistoiieo of such banding. It lias been ascei taiiied that in ciieumstances 
which exclude all iiossibility of subsequent mechanical disturbance the banding in 
some gabbros exhibits contortion and plication which must have been produced before 
the final consolidation of the molten material. This remaikable structure is admirably 
displayed by the Tertiary gabbros of Skye, which so closely in this respect resemble 
some of the most ancient gneiases that any geologist might well bo excused if he at first 
were to hesitate to believe the rocks to be other than jwrtions of the Archipaii gneiss 
of the iiorth-we.st of Scotland.'* There is thus evidently a close parallel between one 
of the most distinctive charactci-s of giieks and structures which can be seen in eruptive 
bosses. 

Another lino of evidence which links the gneisses with eruptive rocks may be found 
in the indications, now observed in many places, that true foliated gneisses sometimes 
behave as intrusive masses which have been injected into other schists ami have been 
accompanied by metaniorphism. Professor Lehmann first maintained the true eruptive 
nature of certain gneisses in the Saxon granulite tract, and this view was subsequently 

of pre- Cambrian rocks, Book VI. The carbonaceous giieias of the Black Forest is 
descrilied by Professor Rosenbusch in the Mttt. B^disch. 6W. Landeaamtt. IV. i. (1899). 

* F. Becke {Tschermak s Miu. Mitth, 1882 (iv.), p. 198) descril)ed this structure and 
named it micropertkite. 

■* J. J. H. Teall, “ The Origin of Banded Gneisses,” Afag. 1887, p. 484. A. G., Trans. 
Rxiy. Soc. Edin. xxxv. (1888), p,. 131 ; q. J, Q. 3. 1. (1894), p. 217 ; ‘-Sur la Structure 
rubaunie des plus anciens Gneiss et dea Gabbros Tertiaires,” Compt, rend. Congr. QM. 
Interned. Zurich, 1894. p. 139. A. G. and J. J. H. Teall, J, Q. 3. 1. (1894), p. 646. 
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further enforced by £. Danzig.* In the south-eastern Highlands of Scotland* Mr. 
George Barrow has traced an intrusion of gneiss which has ()enetrat(^ a scries of schists, 
producing in them all the characteristic phenomena of conUct-metamorphism.* 

While there can, therelore, be no doubt that some gneisses were originally massive 
Eruptive rocks which have aetjuired their foliated charact-er by subscipient metamorphism, 
there can l>e as little hesitation in regaixling other gneisses as having been proluced by 
the alteration of sedimentary strata. The dwtnet just refermi to as having furnished 
to Mr. Barrow evidence of an intrusive gneiss, ineludet, a wide aiea of !>chihts wliich near 
the gneiss have accjuired a coarse gueissic stiucture but pass outw.irds thiuugh successive 
zones of diminishing inctamcirphism until tliey become orilinary pliyllites. They are of 
sedimentary origin, and include altered argillaeeou.s rocks, (|uait7itcs and limestones, In 
otlier regions bands of conglomerate, obviously composed of water-roiled matciials, arc 
intercalated among true gneisses as regularly as such mateiiaK arc aiinmg sandatones 
and shales. Some gneisses, moreover, contain carlnmaceous layeis winch suggest their 
derivation from former vegetable matenals, thougli Uie i>oHSible .soince of the carbon in 
the Arolia'an rocks may have lain m inorganic processes, to which allusion hiis already 
been made. In his discussion of the gneiss of the Black Forest, Brofe.ssor Roseiibiist h came 
to the conclusion that the carbonaceous substance so abundant in some of those rocks is 
most likely of organic origin. From time to time wliat were siqiposod to bo fossils have 
been re(>ortpd from the gneiss of ditferent counties. While there can Ixi no doiilit that 
organic reimuns have really been found in schistose rocks, the materials of whi<‘h have 
uiulergotie entire ro-arrangemeiit and re-crystallisation (as in the U|»j>ci Silurian mica- 
schist of Southern Norway, doscniied by Keusili), the extreme re-eonstniction which 
tiue gneisses ha\c undergone rendeis the burMval of recognisable oigtmio fomis in 
them unlikely. 

Where sedimentary strata have been converted into gneiss, the change has some- 
tiiiies been effected by the le-composition of their intimate structure and the assumption 
of a now crystalline re-arrangement. In other ca.sc8, it has ‘been produced by the 
introduction of granitic material from without along definite planes, such us tlmse of 
bedding or of cleavage. This /it pur ht injection has been studied lu detail in the 
central plateau of Fiance and in the north-west of Scotland. 

Many varieties of gneiss have been distuignisbcd by separate names, wliicli in most 
oases explain themselves. Some are based on peenliaiitH's of slrnctiiro or com|K)Sition, 
as Gi anite-gneiss, where the schistose airangeimnt is so com sc as to be iinrccognisahle, 
save m a large mass of the rock ; Diorite-gneiHs, gahbro gneiss, composed oi the 
mateiials of a diontc or gabbro but witli a coaisely sidii.stose structure , I’oi )>liyntic 
gneiss or Augeiigneiss, in which largo eye-like kernels of ortlioclase or (piaitz are 
dispersed through a tincr matiix and represent larger ciystals or oiystullirie aggregates 
wliich have been broken down and dragged along by shearing movements in the rock. 
Other vsrietie.s are named from the ocpuireiice iii them of one oi more (hstinguishing 
minerals, as Hornblende-gneiss (sycnitu gneissj, in which hornblende oi curs instead 
of or in addition to mica; Frotogiue-gneiss, wbcio the onlinm^ inua is alteied into 
a chlontic or talc-like 8ul>8tance ; Sericite-gnei.ss, a schistose aggngatc of seiicito, 
albite, quartz, witii less frequently white and black mica and .i diloiitic mineral;* 
Pyroxene -gneiss, containing an augitic rnineial (not of the diall.ige gioup) and jKdaHli- 
felspar or potash-soda-fclsjiar oi scajwlite, with hornblende (which has often cry.stalliRed 
parallel with the augitc), blown mica, more or less quartz, and also In-qiiently with 

' Lehniaiiii lu iip.cd ; D-suzig. Mitth. Mm. Junt. Kiel, Band i. pp. Hd-79, 
q. J. U. S. xlix. (1893), pp. 330-358. 

® Michel-L*;vy, Ihdl. Soc. (JSol. France, xvi, (1888). p. lOJ. J Horne and E (freenly, 
q. J. 0. S. lii. (1896), ]). 633. This subject is more fully discussed in Book IV, Part VIII. 
Sect. ii. 

* K, A, Lossen, Z. IK G. G. lix, (1867), p. 565. 
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garnet, calcite, tiUnite, kc.;^ Plagioolase-gneiss, with plagioclase more abundant 
than orthocdaae, aometimea containing hornblende, sometimes augite ; Cord ic rite* 
gneiss, with the bluish vitreous mineral cordierite, kc. ; Graphite-gneiss,^ contain- 
ing grains, patches and layers of graphite. Other varieties are Garnet-gneiss, Fibrolite* 
gneiss, Epidote-gneiss, kc. 

The moat typical gneisses occur among the so-called “ Archamn rocks,” of wliich they 
form the leading type, and where they probably represent original eruptive rocks. (See 
Book VI. Part I.) They cover considerable aieas in Scandinavia, N. VV. Scotland, 
Bohemia, Bavaria, Erzgebirge, Moravia, Central Alps, Canada, kc. But rocks to which 
the name of gneiss cannot be refused appear also among the products of the meta- 
inorphisni of various stratified formations. Such are the gneisses associated with many 
other crystalline schists among the altered Cambrian and Silurian rocks of Scotland, 
Norway, and New England, the altered Devonian rocks of the Taunus, and other 
regions, which will bo described in Book IV. Part VIII. 

Orannlite^ (Eunte-schistofde, Lei)tyuit« of French authors, Weiss stein)~a fine- 
grained aggiogate, presenting under the microscope a kind of granular mosaic, and 
com|K)sod of pale reddish, yellowish, or white felspar with quart-c and small red garnets, 
x'casionally with kyanite, biotite, and microscopic rutile and tourmaline. The felspai, 
whicii is the predominant constituent, presents tlie peculiar fibious stiucturo referred to 
in the foregoing description of gneiss (micio|»orthito, miiuocline), and appears seldom to 
be true orthoclase. The quartz is conspicuous in thin partings between thicker more 
folsputhic bauds, giving a distinctly fissile character to the mass. A dark vaiiety, inter- 
stratified with the normal rock, is distinguishe*! by the presence of iiucioscopic augite 
or diallage (Augitgranulite of Haxony). Granulito occurs in bands among the gneiss and 
other members of the crystalline schist series in Saxony. Bohemia, Lower Austria, the 
Vosges, and Central France. The term “granulite” is also employed in a structural 
sense to denote a rook which has been ciuslied down by dynamic metamorphism, and 
has acquired this characteristic fine granular structure. (Pp. l.'tO, 240, 24S.) 

' The occurrence of augite ns an abundant constitueut of some gneis''es lias i»een made 
known by microscopic research. Bocks of this nature occur in Hweden (A. Stelzner, .V. 
Jahrh. 1880, ii. p. 103), and have been fully dcscril)ed from l.owet Austria (F. Becke, 
Tschermak'9 Min, Miith. iv, 1882, pp. 219-36,')). They are likewise well developed 
among the oldest gneisses of the north-west of Sutherland in .Scotland. 

Graphite is abundant in some guoi.sse.s, ns for example in those of Canada. The 
subject of its distribution has Iwen discussed particularly by Dr. E. Weinschenk. See 
among his contributions, ‘Zur Komitniss der Graphitlager.statten rles Bayeriseh-bohmischen 
Grenzgebirgfts,' Munich, 1897. 

® Michel -Lt^vy has proposed to reserve the names “Leptynite” for schistose and 
“Granulite” for eruptive rocks. B. (/. F. 3rd scr. u. pp. 177, 189 ; iii. p. 287 ; iv. 
p. 780; vii. p. 760; I^ory, op. cit. viii. p. 14. Scheerer, News Jahrh. 1873, p. 673. Dathe, 
N. Jahrh. 1876, p. 225 ; Z. D, 0. 0. 1877, p. 274. Details regarding the great developmeut 
of the granulito of Saxony (Granulitgebirge) will be found in the explanatory pamphlets pub- 
lished with the .sheets of the Geological Survey of Sa.xony, especially tliose ol sections Rochlitz, 
Geringswalde, and Waldheim, The history of the origin of granulite is di.sciissed by J. 
Lehmann in his ‘ Untersuohnngen uber die Bhitstehuug der Alt’- rystall. Schiefergesteme.' 
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DVNyVMrC.M, CiliOLOGY. 

Dynamical Dholocy investigates the jiroCesses of change at present 
in progress upon the earth, where))y modifications are made on the 
structure and composition of the crust, on the relations Ijetween the 
interior and the surface, as shown l»y volcanoes, earthquakes, and other 
terrestrial disturbances, on the distribution of land and sea, on the 
outlines of the land, on the form and depth of the sea-bottom, on marine 
currents, and on climate, bringing before us, in short, the whole range 
of geological activities, it leads to precise notions regarding their relations 
t(» each other, and the results which they achievi'. A knowledge of 
this branch of the subject is thus the essential groundwork of a true and 
fruitful uciiuaintance with the principles of geology, wdin'h are founded 
on the postulate tiiat (he study of the present order of nature provides 
a key for the interpretation of the past. 

The operations considered by Dynamical (Jeology may be regarded 
as a vast cycle of change, into the investigation of which the student 
may break at any point, and round which he may travel, only to find 
himself brought back to his starting-point. It is a matter of com- 
paratively sSmall moment at what part of the cycle the impiiry is begun. 
The changes seen in action wdll always be found to have resulted from 
some that preceded, and to give place to othei's that follow' them. 

At an early time in the earth’s history, anterior to any of the periods 
of which a record remains in the visible rocks, the chief sources of 
geological energy probably lay within the earth it.self. The planet still 
retained much of its initial heat, and in all likelihood was the theatre 
of great chemical changes. As it cooled, and as the superficial dis- 
turbances due to internal heat and chemical action became less marked, 
the influence of the sun, which must always have operated, and which 
in early geological times may have been more efl'ective than it afterwards 
became, would then stand out more clearly, gi^•ing rise to that wide circle 
of surface changes wdierein variations of temperature and the circulation 
of air and water over the surface of the earth come into play. 

In the pursuit of his inquiries into the past history and into the 
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present economy of the earth, the student must needs keep his mind 
ever open to the reception of evidence for kinds, and especially for 
degrees, of action which he had not before encountered. Human ex|H;ri- 
ence has been too short to allow him to assume that all the causes and 
mwles of geological change have been definitely ascertained. Resides 
the fact that both terrestrial and solar energy were once j)robably more 
intense thaji now, there may remain for future discovery evidence of 
former operations by heat, magnetif»m, chemical change, or other agency, 
that may explain phenomena with which geology has to deal. Of the 
influences, so many and profound, which the sun exerts upon our planet, 
we can as yet only perceive a little. Nor can we tell what other 
cosmical influences may have lent their aid in the revolutions of geology. 

Much light has been and will as.surcdly yet 1 h^ cast on this domain ol 
the science by experimental research, whereby the nature and results of 
geological })rocesses arc imitated artificially as closely as the conditions 
of each ])ioblom will permit. Many of the operations of nature proceed 
on so gigantic n scale and under conditions so entirely <lifTerent from any 
which we can even approximately reproduce, that in these departments 
of iniptiry little perhaps may be hoped for from any experiments. But 
in many other cases it is jwssible to repeat with a fair apjiroach to 
accuracy the proia’sses of nature, to watch their jirogress and introduce, 
many modifying influences which help us in some rnea.sun' to comprehend 
at once the simplicity and infinite complexity of nature’s working. 'I'he 
beginnings of experimental geology took their rise towards th(‘ end of 
the eighteenth century, wdien l>e S,iussure set himself U) study the 
possible derivation of rocks by fusing sanifdes of them and judging 
whether, as had been allegcil, some had arisen from the melting of others.’ 
But the man who first realised that the ju’oeesses of nature might 
to a considerable extent bo imitatial by man, and that the validity of 
geological theories might be tested in the laboratory, was Sir .lames Hall, 
who described a series of ingenious experiments by which he dernonstraUMl 
the possibility of jiroducing either a vitreous or a stony coijdition in fused 
rocks, according to the rate at which they are allowed to cool. He like- 
wise succeeded in fusing limestone without the loss of its carbonic acid, 
and he showed by a simple flevice of layers of clay how the jilicafions of 
the terrestrial crust could be accounted for.- 

Since Hall’s time a century has passed away, and much ha.s been done 
in this interval along the lines indicated by him, as u ell as along other.s which 
the onwuird march of science has opened up. One of the mftst illustrious 
of his successors was the late Professor Daubree, who.se rese.irches haA'e 
greatly advanced our knowle<lge of every department of geological 
dynamics which he undertook to. investigate. Hisgnwit w'ork, ‘(16ologio 
Exp6rimentale,’ in which towards the end of his distinguished career he 
gathered together the chief results of his labours, will ever remain a 
classic in geological literature. Many other workers have contributed 
their share to exjierimental research, and to some of their more important 

' ‘Voyages dans les Alpe.s,' i. (177B), jtp. 1*22-127. 

Trans. Roy. Soc. Edtn. v. (1798), p. 43 ; vi. j>. 71 ; vii. p. 79 ; x. p. 314. 
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papers reference will be made in subsequent pages. ^ But there is still 
room for a much more extensive adoption of the experimental method. 
Probably no branch of geology is likely to make more rapid advances in 
the future than the dynamical department will do by the resolute 
endeavour to imitate and vary under different conditions every geological 
process that is capable of imitation. 

In the present state of knowledge, all the geological energy upon and 
within the e;irth must ultimately be traced back to the primeval energy 
of the parent nebula, or sun. There is, however, a certain propriety 
and convenience in distinguishing between that part of it which is due 
to the survival of some of the original energy of the planet, and that 
part which arises from the present supply of energy received day by day 
from the sun. In the former case, the geologist has to deal \vith the 
interior of the earth and its reaction upon the surface ; in the latter, 
he is called upon to study the surface of the earth, and to some extent 
its reaction on the interior. This distinction allows of a broad treatment 
of the subject under two divisions : — 

I. Ilypogene or Plutonic Action— the changes within the earth, 
caused by original internal heat and by chemical action. 

II. Epigene or Surface Action — the changes produced on the 
superficial parts of the earth, chiefly by the circulation of air and water 
set in motion by the sun’s heat. 

Part I. Hypogene Action, 

An Inquiry into the Geological Changes in Progi-ess heneath fhc Surface 
of the Earth. 

In the discussion of this branch of the subject, it is useful to carry in 
the mind the conception of a globe still intensely hot within, radiating 
heat into space, and consequently contracting in bulk. Portions of 
molten rock from inside are from time to time poured out at the sur- 
face. Sudden shocks are generated, by which earthquakes are propa- 
gated to and along the surface. Wide geographical areas are upraised or 
depressed. In the midst of these movements, the rocks of the crust are 
fractured, squeezed, sheared, crumpled, rendered crystalline, and even 
fused. 

Section i. Volcanoes and Volcanic Action.^ 

§ 1. Volcanic Products. 

The term volcanic action (volcanism or volcanicity) embraces all the 
phenomena connected with the expulsion of heated materials from the 

^ Special reference may be made here to the great services rendered to this department 
of geology by Profe.ssor E. Reyer of Vienna. For many years he has carried on a series of 
experiments in illustration of many different geological proce.sses, publishing his results from 
time to time in a succession of suggestive memoirs. Among his contributions are ‘ Beitrag 
lur Physik der Eruptionen,’ Vienna, 1877 ; ‘ Theoretische Geologic,' 1888; ‘Oeologische 
and Oec^p^phische Experimente,’ 1892-94. 

* The student is referred to the following general works on the phenomena of volcanoes : 
Berope. * Considerations on Volcanoes,’ London, 1825; ‘Volcanoes,’ London, 2nd edit. 
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interior of the earth to the surface. Among th^ phenomena, some 
possess an evanescent character, while others leave permanent proofs of 
their existence. It is rmturally to the latter that the geologist gives 
chief attention, for it is by their means that he can trace former phases of 
volcanic activity in regions where, for many ages, there have been no vol- 
canic eruptions. In the operations of existing volcanoes he (‘an observe 
only superficial manifestations of volcanic action. But examining tln^ 
rocks of the earth’s crust, ho discovers that amid the many terrestrial 
revolutions which geology reveals, the very roots of former voIcano(‘s 
have been laid bare, displaying subterranean phases of volcanism whieK 
cannot be studied in any modern volcano. Hence an accjuaintjinct! 
with active volcanoes will not afford a complete knowledge of volcani-r 
action. It must be supplemented and enlarged by an irjv(?.stigation of tlio 
traces of ancient volciuiocs ])reservcd in the crust of the earth. (Book 
IV. Part VII.) 

The word “volcano” is applied tea conical hill or mountain (com- 
posed mainly or wholly of erupted materials), from the summit and ofUm 
also from the sides of which hot vapours issue, and ashes and streams 
of molten rock are intermittently expelled. The Uum “ volcanic ” desig- 
nates all the phenomena essentially connected with one of these channels 
of communication between the surface and the heated interior of the 
globe. Yet then! is good reason to believe that the active volcanoes of 
the present day do not afibrd by any means a complete typo of volcanic 
action. The firat effort in the formation of a new volcano is to find 
egres.s for its pent-up vapours, through the earth’s crust to the outer 
surface. This may he effected sometimes by the drilling of a funnel in 
the crust, the materials of which are violently expelled above ground ; 
at other times by the production of a rent or fissure in the mist, through 
some weaker part of which the volcanic vapours, lava, or ashe.s are 
ejected. In many jmrts of the earth, alike in the <)Id W'orld and the 

1872; ‘Extinct Volcanoes of Central France,’ Lomlon, 1868; “On VoUantc (’ones and 
Craters,” (?. J (J, .S'. IS.'iO Daubeny, ‘A Desi'nptjon of Active and F.xtinct VolcwioeH,’ 2nd 
edit. London, 18,58. Darwin, ‘(fcologioal Observations on Volcanic Islands,' 2nrl edit. 
London, 1878. A. von Humboldt, ‘Uels*r den Bhu u«d die Wirkung der Viilkaiic,’ Ik-rlio, 
1824, L. von Biich, “ Dcbcr die Natiir dcr viilkam.Hctu‘n ErsehemniiKeii awf den f'anari- 
schen Inseln,” Potjgend. Anno/en (1827), ix. x. ; “ Uclier Krhebungskratere und Vulkanc,'' 
Poggend. Anmden (1836), xxxvu. E. A. von Hoff, ‘Ocs< lii<hle der dun li Ueberlieferuug 
nachgewiesenen naturlicheu Veranderungeti der Erdobertlache ’ (part ii. “Vulkauc und 
Erdbebcn”), Gotha, 1824, C. W. C. Fuchs, ‘Die vulkanischen Kivheui ungen der Erde,’ 
Leipzig, 1865. R. Mallet, “On Volcanic Energy,” P/id. TfUtis. 1873. J. .Sehuiidt, ‘ Vulkan- 
stndien,’ Leipzig, 1874. Sartonus von WaltershauHen and A. von Lasaulv, ‘Der Aetna, 
4to, Leipzig, 1880. E. Reyer, ‘Bcitrag ziir Physik der Eriiptioncn,' Vienna, 1877 ; ‘Die 
Etiganeen ; Bau und Geschichte eines \ ulkancs,’ Vienna, 1877. Kompie, ‘Sautonu * t ses 
Eruptions,' Paris, 1879. Judd, ‘Volcanoes,’ 1881. G. Mercalli, ‘Vulcani e Fenomeid 
vulcajiici in Italia,’ Milan, 1883. Ch. Veiain, ‘Les Volcane,’ Paris, 1884. J. D. Dnna, 
‘Characteristics of Volcanoes,’ 1890. E. Hull, ‘Volcanoes Past and Prownt,’ 1892. H. .1. 
Johnston-Lavis. ‘The South Italian Volcanoes,’ Naples, 1891. A. Stubcl, ‘Die Vulkauberge 
von. Ecuador,' Berlin, 1897. References will be found in sutK^eeding pages to other and 
more special memoirs, and to the literatnre of different important volcanic centres. 
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New, there have been periods in the earth’s history when the crust was 
rent into innumerable fissures over areas thousands of square miles in 
extent, and when the molten rock, instead of issuing, as it does at most 
mrxlern volcanoes, in narrow streams from a central elevated cone, welled 
out from these rents or from numerous small vents along their course, 
and flooded enormous tracts of country without forming any mountain 
or conspicuous volcanic cone in the usual sense of these terms. Of these 
“ fissure-eruptions,” apart from central volcanic cones, no examples appear 
to have occurred within the times of human history, except in Iceland, 
where vast lava-floods issued from a fissure in 1783 (p 342). They 
can best be studied from the remains of former convulsions. Their 
importance, however, has not yet been generally recognised in Europe, 
though acknowledged in America, where they have been largely developed. 
Much still remains to be done before their mechanism is as well under- 
stood as that of the lesser and more familiar typo with which man has 
been acquainted from the earliest days, since it is so well displayed in 
Vesuvius, Etna, and the Lipari Lslands. In the succeeding narrative an 
account is first presented of the Vesuvian type of volcano and its products; 
and in § 3, ii., some deUiils are given of the general aspect and character 
of fissure-eruptions. 

The openings by which heated materials from the inferior now reach 
the surface include volcanoes (with their various associated orifices) and 
hot springs. 

The prevailing conical form of a volcano is that which the ejected 
materials naturally assume round the vent of erujuion. In the most 
familiar or Vesuvian type, the summit of the cone is truncated (Figs. 
38, 44), and presents a cup-shaped or caldron-like cavity, termed the 
crater, at the bottom of which is the top of the main funnel or pipe of 
communication with the heated interior. A volcano, when of small size, 
may consist merely of one cone ; when of the largest dimensions, it 
forms a huge mountaiti, with many subsidiary cones and many lateral 
fissures or pipes, from which the heated volcanic prixlucts are given out. 
Mount pjtna (Fig. 38), rising from the sea to a height of 10,840 feet, 
and supporting, as it does, some 200 minor cones, many of which are in 
themselves considerable hills, is a magnificent example of a colosswil 
volcano.^ Some of the most gigantic volcanoes, such, for instance, as 
most of those of Ecuador, including the great Cotopaxi, have no craters, 
successive eruptions tixking place from their flanks. 

‘ The structure ami history of ktxa are fully described in the gre.it work of Sartorius 
von Waltershaiiseii and A. von Lnsaulx cited on p. 263 — a trcMure-house of facts in 
volcanic geology, Tlie bibliograjdiy of the mountain up to 189i is given in Dr. Johnston- 
I^avls, 'The South Itnliao Volcanoc.s,’ Naple-s, 1891. See also G. F. Ro<lwell, ‘Etna, a 
History of the Mountain and its Eruptions,’ I/)ndon, 1878; O. Silveslri, ‘Un Vinggio all’ 
Etna,’ 1879. ‘ Etna, Sicilia ed isole volcamche adiacenti,’ Catania, 1890. Notices of recent 

eruptions of the inountains will lie fouml in yahire, vola. xix. xx. xxi. xxii. xxv. 
(observatory on Etna, p. 394), xxvn. xlvl, xlvii. Iv. lx. , Ompt. rrnd. Ixvi. The work of 
Mercalli, cite«l on p, 263, give.s descriptions of this and the other Italian volcanic centres. See 
for the eruption of 1892, Mercalli, Alt. ItaL' Sci. Xat. xxxiv. (1893); A. Baltzer, 
NcutiJM. i. (1893), p. 76. 
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The materials erupted from volcanic vents may be classed as (1) 
gases and vapours, (2) water, (3) lava, (4) fragmentary substances A 
brief summary under each of these heads may 1 k 3 given here ; tl»e share 



token by the several products in the phenomena of an active \olcano is 
described in § 2. 

1. Gases and Vapours exist dissolved in the molten magma within 
the earth’s crust They play an important part in volcanic activity, some 
of them showing themselves in the earliest and most energetic stages of 
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a volcano’s history, while others continue to issue from the ground for 
centuries after all other subterranean action has ceased. By much the 
most abundant of them all is water-gas, which, ultimately escaping as 
steam, has been estimated to form whole cloud that 

hangs over an active volcano (Fig. 39). In great eruptions^, steam rises 
in prodigious quantities, and is rapidly condensed into a heavy rainfall. 
M. h’ouqut^ calculated that, during 100 days, one of the parasitic cones 
on Etna had ejected vapour enough to form, if condensed, 2,100,000 
cubic metres (462,000,000 gallons) of water. The disastrous eruptions 
of St. Vincent and AJartinique in May 1902 appear to have been due to 



Fig. 81).— View of Veauviun as swn fioin lUtring tlio eniplioii of 1ST-*, showing the ilense 

clouds of condensed aqueous vapour. 


the discharge of enormous quantities of superheated steam, mingled 
probably with sulphurous acid, and largely loaded with incandescent 
lava -dust and sand, lapilli and scoria}. But even from volcanoes 
which, like the Solfatara of Naples, have been dormant for centuries, 
steam sometimes still rises without intermission and in considerable 
volume. Jets of vapour rush out from clefts in the sides and bottom of 
a crater with a noise like that made by the steam blown ofl' by a loco- 
motive. The number of these funnels or “ fumaroles is often so large, 
and the amount of vapour so abundant, that only now and then, when 
the wind blows tbe dense cloud aside, can a momentary glimpse be had 
of a part of the bottom of the crater j while at the same time the rush 
and roar of the escaping steam remind one of the din of some vast 
factory. Aqueous vapour rises likewise from rents on the outside of 
the volcanic cone. It issues so copiously from some flowing lavas that 
the stream of rock may be almost concealed from view by the cloud \ and 
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it continues to escape from fissures of the lava, far below the ix)iut of 
exit, for a long tinle after the rock has solidified and come to rest. 
So saturated are many molten lavas with water -vapour that Scro[)e 
thought that tlmy owed their mobility to this caiise.^ In the deep vol- 
canic magma the water-substance must be far above its critical temperature, 
which is about 773° h’ahr. 

Probably seldom is the steam more pure vapour of water, though 
when it condenses into copious rain it is fresh and not salt water.” It 
is associated with other vapours and gases disengaged from the potent 
chemical laboratory underne<ath. There seems to bo always a deHnite 
order in the appearance of these vapours, though it may vary for different 
volcanoes. The hottest and most active “fumarolcs,” or vapour-vents, 
may contain all the gases and vapours of a volcano, but as the heat 
diminishes the series of gaseous emanations is reduced. Tims in tin* 
Vesuvian eruption of 1855-56 the lava, as it cooled and hardened, g*ave 
out successively vapours of hydrochloric acid, chloride.s, and sulphurous 
acid ; then steam ; and, finally, carbon-dioxide and combu.stible gases.’' 
More recent observations tend to corroborate the deductions of C. Sainte- 
Claire Deville that the nature of the vapours evolved depends on the 
temperature or degree of activity of the volcanic orifice, chlorine (and 
fluorine) emanations indicating the most energetic phase of eru])fivity, 
sulphurous gases a diminishing condition, and carbonic acid (with hydro- 
carbons) the dying out of the activity.^ A “solfatara,” or vent emitting 

^ ‘ Consideration*) on Volcanoes’ (18‘2.’’>), p. 110. 

^ At the island of I’antelleria, to the south-west of Sicily, the vaj)Our is pure enough to 
be condensed and used aa drinking-water by the natives. On atiiiospberiu waters in 
fnmaroles, with special reference to Vulcaiio and Htromboli, see (J, de Stefani, Boll. Soc. 
Geol. Hal. xix. (1900), pp. 295-320 

^ C, Sainte-Claire Deville and Ijeblanc, Ann. Vhim. ft Hhy^. hi. (1H.58), p. 19 mq. 
For accounts of Vesuvius and its eruptions, Wsides the general works already cited on 
p. 263, consult J. Phillips' ‘Vesiiviiih,’ 1869; ,1. h. Lobley, ‘Mount Vesuvius,’ 1889; 
J. Schmidt, ‘Die Eruption des Vesuv. 18,55,’ Vicmitt. 1856; Mercalli’s ‘Viilrani,’ &c, , 
H. J. Johnston- Lavis, Q. J. O. S. xl. 35, Oeol. Mag. 1888, p. 445 A diary of the 

volcano’s behaviour for six months is given in jXatuif, xxm, ; one for four years (1882 1886) 

by Dr. Johu8ton-I>avi.s, ‘Spettatore del Vesuvio,’ Najdes, 1887. See also his reiwrte in 
Nature, xliv. (1891), pp. 160, 320, 352; In. (1895), p. 342. A \alualile series of reports 
on tlie mountain by the .same author will l>e found in recent volumes of the KejHrrts of the 
British Assoaot^nn (1885-95); and a large detailed map of the volcano, also by him, 
is published by Philip, Ixmdon, 1891. The reconl of the volcano's activity by Professor 
Mercalli will be found year by year in the Bdl. Site Bunu>h>g. Hal from vol. i. onwards. 
Some important papers by R. V. Matteueci are in the same Bolletino, see vohs. iv. v. 
Ti. ; also Rend. R. Acad. Sci. Fxs.e Mat. Najyah, vols. for 1891, 1897, 1898, 1899 ; Compt. 
rend, cxxix. 3rd July 1899 ; Rend. Acad. Linen, viii (1899), p. 168 ; Tschennak's Mitth, 
XT. ; (1895), pp. 77, 325 ; (i. de Lorenio, Z. />. G. xlix. (1897), p. 561 ; Bol. Soe. Ge»l. 

Hal. xvii. (1898), p 267 ; P. Franco, op. cit. xviii. (1899), p. 41. 

* He dLsUnguished volcanic emanations according to their order of appearance as regards 
time, nearness to the vent, and temperature, viz. 1. Dry fumaroles (without steam), where 
anhydrous chlorides are almost the only discharge, and where the temperature is very high 
(above that of melted «nc). 2. Acid fumaroles, with sulphurous and hydrochloric acids 

and steam. 3. Alkaline (ammoniacal) fumaroles ; temperature about 100’ C. ; abundant 
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only gaseous discharges, is believed to pass through these successive 
stages. Wolf observed that on Cotopaxi, while hydrochloric acid, and 
even free chlorine, escaped from the summit of the cone, sulphuretted 
hydrogen and sulphurous acid issued from the middle and lower slopes.^ 
Fouque’s studios at Santorin have shown also that from submarine vents 
a similar order of appearance obtains among the volcanic vapours, 
hydrochloric and sulphurous acids being only found at points of emission 
having a temperature above 100" C., while carbon-dioxide, sulphuretted 
hydrogen, and nitrogen occur at all the fumaroles, even where the 
temperature is not higher than that of the atmosphere.’^ 

The following are the chief gases and acids evolved at. volcanic fumaroles Hydro- 
chloric acid 18 abundant at Veauvins, and probably at many other vents- whence it 
ha.s not been recorded. It is recognisable by its pungent, suffocating fumes, which make 
approach difficult to the clefts from which it issues. Sulphuretted hydrogen and 
sulphurous acid are distinguishable by their odou^ The liability of the former 
gas to decomposition lends to the dej^osition of a yellow crust of sulphur ; occasionally, 
also, the production of sulphuric acid is obseived at active vents. From observa- 
tions made at Vesuvius in May 1878, Mr. Siemens concluded that vast quantities of 
free hydrogen or of combustible compounds of this ga.s exist dissolved in the 
magma of the earth’s interior, and that these, lising and exploding in the funnels of 
volcanoes, give rise to the detonations and cloud-s of steam. “ At the eruption of 
Santorin in 1866, the same gases were also distinctly recognised by Fouqiu^, who for the 
first time established the e.\istencc of true volcanic flames. These were again studied 
spectroscopically in the following 3 ’ear by Janssen, who found them to arise essentially 
from the combustion of free h 3 'drogen, but with traces of chlorine, soda, and copper. 
Fouqu4 determined by analysis that, immediately ovei the focus of eruption, free 
hydrogen formed 30 per cent of the gases emitted, but that the proportion of this 
gas rapidly diminished with distance from the active vents and hotter lavas, while at 
the same time the proportion of marsh-gas and carbon-dioxide rapidly increased. The 
gaseous emanations collected by him were found to contain abundant free oxygen as 
well as hydrogen. One analysis gave the following results: carlion-dioxido 0’22, 
oxygen 21*11, nitrogen 21*90, hydrogen 56*70, inor^h-gas 0*07 = 100*00. This gaseous 
mixture, on coming in contact with n bunting body, at once ignites with a sharp 
explosion. Fomiui^ infers that the water-vapour of volcanic vents may exist in a state 
of dissociation within the molten magma whence lavas rise.* Carbon -dioxide rises 
chiefly (a) after an eruption has ceased and the volcano relapses into quiescence ; or (b) 
after volcanic action has otherwise become extinct. Of the former phase, instances are 
on record at Vesuvius where an eruption has been followed by the emission of this gas 
so copiously from the ground as to suffocate hundreds of liares, pheasants, and partridges. 
Of the second phase, good examples are supplied by the ancient volcanic regions of the 
Eifel and Auvergne, where the gas still rises in prodigious quantities. Bischof estimated 
that the volume of carbonic acid evolved in the Brohl Thai amounts to 5,000,000 cubic 

steam with chloride of aniiiionium. 4. Cold fumaroles; teinjierrture below 100'’ C. , with 
nearly }mre steam, accompanied by a little carbon-dioxide, and sometimes sulphuretted 
hydrogen. 5. Mofettes ; emanation-s of carbon-dioxide with nitrogen and oxygen, marking 
the last phase of volcanic activity. 

‘ NeuesJahrb. 1878, p. 164. 

* 'Santorin et sea Eniptions,’ Pari.s, 1879 ; W. Libbe 3 ', Jmer. Joitm. iki. xlvii. (1894), 
p. 371. 

* Monatsb. K. P truss. Akad. 1878, p. 688. 

* Fouque, ‘Sautoriu et ses irruptions,’ p. 226. 
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feet, or 300 tons of gas in one day. Nitrogen, derived perliajis from the deeoinjwsi- 
tion of atmospheric air dissolved in the water which peiictraU's into the xolcaiiic foci, 
has been frequently detected among the ga.seou3 emanations. At Santorin it was found 
to form from 4 to MS per cent of the gas »>l)tained from dilfereat lam.uole8.‘ Fluorine 
and iodine have likewise been noticed. Vapoms of sulphur and bone acid prevail 
at V^^lcaao. Selenium is found as a sulphur .selennle at the vent of \'ulcano, and was 
deteoteiF togcthei with iodine and bioinine in the fumarolcs of the Vesuvinn eiU)rlion of 
July 1895.''^ The funiarolea of Vulcaiio have iieeii carefully studied by A. Cossa and other 
chemists, with the result of allowing a senes of at least twenty elements ami eombiiiii 
tioiis of elements which, besides those just named, include ciilondes of sodium, ammo- 
nium and iion, sulphate of hthiuni, glaubeiite, uliini ( ontaining thallium, lubidium and 
cnesium, hieratito (a compound of tluondes of pot/issium and silicon), lealgar, telluiiiuii, 
cobalt, zinc, tin, bismuth, lead, copper and phos[dioius.'' 

With the volcanic gases and vapouis aie associated many suhstaiices which, sublimed 
by tho volcanic heat or resulting from n-actions aimuig the c.scapuig vajKmrs, appear na 
Sublimates along crevices wherein they le.ich the air and aie cooled. Hesidca 
sulphur, there aie several chlorides (particularly that of sodium, ami less ahiind- 
antly those of potassium, iron, cupper ami lend), also free sulphuric acid, sal- 
ammoniac, specular iron, oxide of copper, boracic acid, alum, sulphate 
of lime, felspars, pyroxene and otliei siibstanees. Oaibonate of soda occuis in 
large quantities among the fnmaroles of Etna. Sodiuni-cbloiide .somelime.s apjieais so 
alnindantlv that wide sjiaces of a volcanic cone, as well as of the m'wly erupted lava, 
are crusted with salt, which can even he piolitahly removed l»y the iiihahitants of the 
district t'onsidemhle quantities ot chloiides, Ac, may thus be buried between suc- 
cessive sheets of lava, ami in long .sulise(pienl times may give use to mineial springs, 
as has been suggested with icfeieiice to the saline wateis which issue tiom volcanic rocks 
of Old Ked Siimistone and Ciuhonifeious age in Scotland ■* The non chloride foimsa 
biiglit yellow and leddish ciiist on the ci , iter walls, as well as on loose .stones on the 
slopes of the cone hpcciilai non, fiom the decom posit ion of non chloride, foims 
abundantly Ihni lamell.e in the Iivmii.s of Vesuvian lavas. In the spting of 1873 
the author nli.scrved delicate blown filaments of teimnte .'co|.per-oxide, thiO) forming in 
clelts of tile I rate] of Vesuvius Thev were iiplield bv the npslieamirig current of 
vapour until blown off by the wind I’lo.'t-sor Fompie lias deseiibed tubular vents in 
tlie lavas 0 ! .Santorin with ciysUls ol aiioitlut., spliene, and pyroxene, fornieil by sub- 
liniation. In the lava stalactites of Hawaii needle like tibies of bieislakitc ahouiid. 
M. Lacioix lias detected in a long-extinct fnmarole at Koyai in Auvergne crystals of 
liiematite, hiotite, augite, labradoiite, andcsiiie and anorthose, ami has poinUsl out that 
the elements of these silicates have heen mainly supplied by the. roc,k.s on which they 
have crystallised, under the influence of the volcanic vajMmis.'’ 

The vanous vapours and gases emitted at active vulcanic vents not only act 
corrosively on the rocks through which they pass p. 313), hut fiom time to time 

injuriously affect the vegetation for some distance around. Thus at Vesuvius, where 
large volumes of .steam are given off, charged with hydrochlorie acid, the ctmdensation 
of this steam or the passage of ram through it brings down the acid to tho ground, 
seriously damaging com, vines, and other vegetation on the hIojm-s of tlie mountain. 
Moreover, the wind sonietime.s carries the deleUimus moisture far ovci the eountiy. In 

~ Vomim-r/'>c.~a<. It was found to eoiiHtilute 73 •.'13 fier cent of tfic gas at the Grotta di 
H. (ierniano lii the crater of Agmuio near Naples. Samte-Claire Deville and I^blaiic, ,>p. nf. 

* K. V. Matteucci, Rend. Acud, NafAi, 1897. Aaf«r«, Ivi. p. 47‘2. In the eruption of 
1900, salaimiiomac ww detected by the same observer. Vovipt. rend, cxixi. (1900), p. 964. 

A. Cossa, Atti Acad. Lincei (3), ii. 1878. 

4 pror. R»y- Edm. ix. p. 367. 

‘ (lompl. rend. May 1898 
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the spring of 1902, for example, the young shoots of the hazel-trees were entirely destroyed 
at Palma, a distance of twelve miles from the crater. Again, at Saiitorin it was observed 
during the eruption of June 1866 that while the fall of dry volcanic dust did not 
sensibly affect the vegetation, injury became serious when rain fell with the dust, the 
vines along the track of the smoke-cloud being then withered up, as if they had been 
burnt. ^ 

In reference to the gases and vapours given off at volcanic vents it is intei-esting to 
observe that some of the more frequent and important of them are precisely those which 
till the minute pores of volcanic and plutonic rocks of all ages {aiUe, p. 142), and which 
appear to have been largely effective in the j)roce88es of crystallisation and differentiation 
of igneous ' magmas. They were named long ago “mineralising agents” by ^lie do 
Beaumont, Avhose views as to their ini|K)rtance have been confirmed by later re.Hearch. 
All the emanations and sublimations that accompany the uprise of eruptive rocks have 
been grou|)ed under tlie general term “ pneumatolitic. ” ^ 

Attention may be directed here to M. Moisfian’s important researches into the com- 
binations of metals with carbon, which have brought to light some suggestive facts in 
regard to this subject, lie has succeeded in forming artificially a largo series of metallic 
carbides, one cla-ss of which is readily decom|) 08 od by cold water, yielding various 
gaseous or licpiid hydrocarbons. Thus aluminium dissolves carbon, and in contact with 
water yields alumina and pure marsh-gas or fire-damp. The a.ssociation of mineral oil, 
marsh-gas, and other hydrocarbons and of carbonic acid in old volcanic districts may 
thus point to the continuous decomposition of such cai bides by access of water. M. 
Moissan suggests that some explosive volcanic phenomena may even be duo to the .same 
cause. The latest emanations from waning vents might range from asphalt and mineral 
oil up to the most complete oxidation in carbonic acid.^ 

2. Water. — Abundant discharges of water accompany some volcanic 
explosions. Three sources of this water may he assigned: — (1) from 
the melting of snow hy a rapid accession of temperature previous to or 
during an eruption ; this takes place from time to time on Etna, in 
Iceland, and among the snowy ranges of the Andes, where tlie cone of 
Cotopaxi is said to have been entirely divested of its snow in a single 
night by the heating of the mountain ; (2) from the condensation of the 
vast cfouds of steam which are discharged during an eruption ; this 
undoubtedly is the chief source of the destnictive torrents so frerjuently 
observed to form part of the phenomena of a great volcanic explosion ; 
and (3) from the disruption of reservoirs of water filling subterranean 
cavities, or of lakes occupying crater-basins ; this has several times 
been observed among the South American volcanoes,* where immense 
quantities of dead fish, which inhabited the water, have been swept 
down with the escaping torrents. The volcano of Agua, in Guatemala, 
received its name from the disruption of a crater-lake at its summit 
by an earthquake in 1540, w'hereby a vast and destnictive debacle of 


' FouqiuS ‘Sautorin,’ p. 81. 

^ I*rof. Broggor incliulos under this term the niiuerals produced by the mineralising 
agents, whether within the magma itself or in fissures or crevices among the surrounding rocks. 
* l*roc, Rcty S(K. lx. (1897), p. 166 ; and jmtta, p. 357. 

^ On soDTH AMBKICAM volcsaioes see the early descriptions in Humboldt's ‘Cosmos’ ; also 
the work of Stubel on Ecuador, cited on p. 263 ; Hettner, Peiermann'sMitth. Erg&nz, No. 104 ; 
H. Berger, op, cil. xxxvii. p. 246 ; Moerike, op. cit, xl. p. 142 ; Nogu^s, Cwnpt. rend, cxviii. 
p. 372 ; Whymper’s ‘ Travtls among the Great Andes.’ 
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water was discharged down the slopes of the moutitain.^ In the 
beginning of the year 1817 an eruption took place at the largo crater 
of Idj6n, one of the volcanoes of Java,- whereby a steaming lake of hot 
acid water was discharged with frightful destruction down the slopes of 
the mountain. After the explosion, the basin filled again with water, 
but its temperature was no longer high. 

In many cases the water rapidly collects volcanic dust as it rushes down, and soon 
becomes a pasty mud ; or it issues at lii-st in this condition from the volcanic icacrvoirs 
after violent detonations. Hence arise what arc teiined mud-lavas, or aqueous'^ 
lavas, which in, many respects behave like true lavas. This volcanic rnnd eventually 
consolidates into one of the minicrous forms of tuff, a rock which, as has been alrciuly 
stated (p. 172), varies greatly in th<* amount of its coherence, in its coinposilion, ami in 
its internal arraiigcinent. Obviously, unless wliete subsequently altered, it cannot 
possess a Cl ystalline structure like that of true lava. Asa rule, ii betrays its aqueous 
origin by more or less disfiiict evidence of stnitilication, by the ninltifarioiis pebbles, 
stones, blocks of rock, tree-tiunks, branches, shells, bones, skeletons, Ac., winch it has 
swept along in its course and preserved w'lthin its mass, ,Si-ctions of this coinpaclod tuff 
may be -seen at Heiculaneuni.'* The tnm of the 1‘rohl Thai ami other valleys in the 
Eifol'* district, lefciicd to on p. is another »'\aniple ol an ancient volcanic mud. 

’ For an a«.'count'Ot this inountHin sec K v Scelnich, Ahh. (hscU IT/ss. 
x\xvui. (1^92), p. 2H). For descrijUions of the voh anoes ot i rNpitAi, amkhu a consult 
Humboldt's ‘Cosmos’; Felix and I/fiik, ‘Heitrage /ur (.leologie uml l*ul,ii)iitoIo)^ie der 
Republik Mexico,’ Leipzig, 1890, Sapper, “Die Midliclisteii Viilkaiie jMitte! - Americas,’ 
Z. D. G. G xliii. p. 1 ; xlv. pp. J>6, 57'1 ; A. Dolllussand K. de Montserrat, ‘N’oyiigi- g/sdogjipie 
dans les Hefiubliqiics ile (iiiatemala et San .Sal>ador.’ I'ariN, ISOH. K. von Seebnch, Ahh. K. 
6'm. FFow. G^tfiiu/i'iu xx'xvm. (1892). K. OnloHe?, “ Ia‘s Volcaus <lu V.ille de Santiago.” Mnn. 
Si>r, Alztite, xiv, (1900), p. 299; thid, xi. (1898), p. , ” Exjtedn ion cientifica al l’o|io( at.a- 
pctl,” CmawKs. Gcol. Mexuv, 1895; M Bertnand, ‘ I’ln'noinenes \oIrannjui', et ti eniblcniciits 
de tene de I’Aiiierique centrale,’ 4to, I’arus, 1900 ; (Joslmg. (^. ,/. S Im. (1897), p 221. 

For the volcanoes of the KAST iNDlBis, .Junghuhirs Ja\.i.’ Sunda Islainl atnl Moluccas, 
F. Scheider, Juhrh. Oe4>I. Heirhtanst., Vienna, xxxv. (l8N.')s j). 1 . also the works on Ktakatoa 
quoted on p. 290. On volcanic actioinn Batavia, .VoPa/t, I ( 1891), j». 020 , Wn hiiiann. T'l/r/'.srA. 
Nederland. Aardr. Gen 1890, 1891, 1892, 1898 . Z H. G. G. 1893, p. 542 ; 1897, j>, 152 ; 
1900, p, 640. Frofe.ssor Wichmanu has .shown reason to believe that the mud eruption said 
to have been discharged by the Gniiiing Salnk ui Java m the year 1699 was reiilly the result 
of lan<lslips caused by a severe earthquake. Neae.s Jahrb. 1896, ii, 

•* Mullet thought that the so-called “ mud-lavas ” of Herculaneum and Pompeii were not 
aqueous deposits {Journ. Roy. Geal. .Sac. IrrUind, vi. (1876), p. 144). But tlieie seems no 
reason to doubt that while an enormous amount of a-thes fell dnnngthe eruption of a.u. 79, 
there were likewise, especially in the later phases of eiuption, copious torrents of water 
that mingled with the line ash and l>ecame ’• mud lav.m ” The sharpness td' outline and the 
absence of any trace ofaUiominal distension in the nujulds of the human bo<]ies found at 
Poin[Kiii, probably show that these victims of the c.itastro|die were rujudly eiivelofs'd in a 
firm coherent matrix which could hanlly have l>ceu mere loose dust. ,See M. J. Jolmston- 
Lavis, Q. J. G. S. xl. p. 89. The solid luff whkh Idled the theatre at llereiilaneum, and 
which has been partially excavated undergrouml, has enclosed pieces ol Bornan pottery. 

* For works on the iikbi. district consult Hiblierl, ‘History of the Extinct Volcanoes of 
the Basin of Neuwied on the Lower Rhine.’ Edin. 18.32. Von D*-x|ipij. ‘ Geognostischer 
Fuhrer lu deni Laacher See,’ Bonn, 1864 ; ‘(Jeognoslischer Fuliier in das Sielvengebirge am 
Rhein,’ Bonn, 1861. Vogelsang, “ Vulkane der Eifel,” Jtihrh. 1870, pp. 199, 326, 
460. H. Behrens, Ann. EcoU polyt. Dd/t, 1888, pp. 134-148. 
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3. Lava. — The term lava is applied generally to all the molten rocks 
of volcanoes.' The use of the word in this broad sense is of great con- 
venience in geological descriptions, by directing attention to the leading 
character of the rocks as molten products of volcanic action, and obviat- 
ing the confusion and errors which are apt to arise from an ill-defined or 
incorrect lithological terminology. Precise definitions of the rocks, such 
as those above given in Book II., ciin be adiled when required. A few 
remarks regarding some of the general lithological characters of layas 
may be of service here; the behaviour of the rocks in their emission 
from volcanic orifices will be described in § 2. 

While still flowing or not yet cooled, lavas differ from each other in the extent to 
which they are impregnated with gases and vapours. Some appear to be saturated, 
others contain a much smaller ga.seous impregnation ; and hence arise important dis- 
tinctions in' their behaviour (pp. 296-308). They further differ in viscosity or liquidity, 
the acid kinds being generally more viscous than the basic, so that the latter, other 
things being equal, flow farthest luid ',si>read out most widely. After solidification, 
lavas present some noticeable cliaracter^i, then easily ascertainable. (1) Their average 
specific gravity may be taken as ranging between 2-37 and 3 '22. (2) The heavier (basic) 
varieties contain much magnetic or titaniferous iion, with augite and olivine, their com- 
position being basic, and their pioportion of .silica aveiaging about 4r> to 55 per cent. 
In this group come the basalts, nepheline-lavas, and leiicite-lavas. The lighter (acid) 
varieties contain coinnionly a minor proportion of metallic bases, but aie rich in silica, 
their |)erceiitago of that acid ranging between 70 and 75. Among their more important 
varieties are the rhyolites and obsidi.ms. Intermediate varieties (trachytes, phono- 
lites, and andesites) connect the.se two serie.s (3) Lavas diffei much in structure and 
texture, (n) Some are entirely crystalline, consisting of an interlaced mass of erystal.s 
and crystalline particles, as in .some doleiites and granitoid ihyohte.s. Even (piartz, 
which used to be considcied a iion-volcamc mineial, oharactcristu- of the older and 
chiefly of the plutoiiic eruptive rocks, lias been observed in large ciystals in modern lava 
(liparite and qti.ai t/, -andesite -). (5) Some .show moie or less of a half-glas.sy or .stony 

(devitrilknl) inatrix, in which the constituent oiy.stals are imbedded ; this is the most 
common ariangement (c) Others are entirely vitreous, such crystahs or crystalline 
particles as occur in them being (piite subordinate, and, so to speak, accidental en- 
closures in the mam glas.sy iiia.ss. Obsidian or volcanic glass is the tyjie of this group 
{d) They further differ iii the extent to which minute pores or larger cellular spaces 
have been developed in them. Accoixling to Hischof, the porosity of lavas depends on 
their degree oT liquidity, a itorous lava or slag, when reduceil in his fusion-experiments 
to a tliin-flowing consistency, hardening into a mass .as compact as the densest lava or 
basalt.'* But probably a much moie effective influence in producing this structure is 
that of the amount of absorbetl vaiwurs and ga-sos. The [iresenee of interstitial steam in 
lavas, by expamling the still molten stone, produces an open cellular texture, somewhat 
like that of 8[H)ngo or of bread. Such a vesiculur airangcment very commonly appears 
on the upiwr surface of a lava current, which assumes a slaggy or cindery asjiect. In 
some forms of pumice the jiroportion of air cavities is 8 or 9 times that of the enclosing 
glass, (4) Lavas vary greatly in colour and general externa! aspect. The heavy basic 


^ " Alles i>t Lava, was im \hilkan tliesst uiul durch seine f'Uissigkeit neue liagerstatter 
eiimiimnt,” is Leopold von Biich’s comprehensive definition. 

“ Wolf, Jahrb. 1874, p. 377. 

* ' Chem. und Phys. Geol.’ supp. (1871), p. 144. On the jircshiction of the vesicular 
structure consult Dana, ‘ Characteristics of Volcanoc.-s’ p. 161. Compare also Judd, GVoL 
Mag. 1888, p. 7. 
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kinds are usually dark grey, or almost black, though, on ex}>osure to the weather, they 
acquire a brown tint from the oxidation and hydration of their iron. Their surface is 
commonly rough and ragged, until it has been sutlicieiitly decomposed by the atmo- 
sphere to crumble into noil which, undei f.ivourable circumstances, supports a luxuriant 
regetation. The less dense lavas, such as phonolites and trachytes, aie frequently paler 
in colour, sometimes yellow or buff, and decomjiose into light soils ; but the obsidians 
present rugged black sheets of rock, often roughened with iidgch ,iiul Iumjis of grey froth- 
like pumice. Some of the most brilliant surfaces of cohmr in any roi k-scenery on the 
globe are to lie found among volcanic rocks. The walls of active crttlei.s glow witli end 
less hues of red and yellow. The Grand Canon of the Yellowstone Kiver has been ilug 
out of the most marvellously tinted lavas and tuffs. 

4. Fragmentapy Materials. — Under this title iimy be mduded all 
the substances which, driven up into the air by volatnic exidosions, fall 
in solid form to the ground— the dust, ashes, sand, cinders, and blocks 
of every kind which are projected from a volcanic orifice.^ These 
materials differ in coiuposition, texture, and apjiearance, even during 
a single eruption, and still more m sneeessive explosions of the same 
volcttno. For the sake of convenience, separate names are applied to 
some of the more distinct varieties, of which the following may be 
enumerated : — 

{]; Ashes and dust.— In many eruptions, va.st quantities of an cvicoduigly line 
light grey jxiwder are ejected. As this substance greatly resembles what is left after a 
jiiece of wood or coal la burnt in an open lire, it li.as been popularly termed rf-,//, ivnd this 
name has been adopted by geologists. If, however, by the word aOi, the lesult of loni- 
bustion IS implied, its employment to denote any product of volcanic ai’tion must be 
regretted, as apt to convey a wrong impression. The tine ash, -like dust ejected by « 
volcano is merely lava m an extremely fin« state of comimnntioD. So minute arc the 
particles that they find their way reatlily through the finest chinks of a closed room, ami 
settle down upon floor and furniture, as ordinary dust does when a house is shut up. 
From this finest form of material, gradations may be traced, thiough what i.s Icrined 
volcanic .sand, into the coarser varieties of ejected mutter In comjiosition, the ash and 
sand vary necessarily with the nature of the lava fioni which they aic (htrived, Their 
microscopic structure, and especially tlieir ahiiudant microlites, eiyslals, aud volcanic 
glass, have been alreadv referred to (pp. l72-l7o) At first the volcanic particle.s 
have the temperature of the molten rock from which they arc dischaiged. ami tiu'y may 
reach the ground when still .it a ml heat. It was a de^cemllng cloml of .sm h intensely 
hot malcri.il which, mingled witli .supcrlieated stc.im .ami othei vapours, fliiiiied and 
Ignited combustible objicts duiing tlie disastrous eiuption at .Martinique in M.iv IbUv;. 

In their passage tliiough the air to a disuiice from the vent of miplion these tine 
materials undergo a proces.s of sifting, the larger and heavui partulcs (1 ch( miing Inst 
to the ground, while the smallest and light4>st are earned faithcsl. Malt» ucci h.is noticed 
this fact in the profiortion of magnetite found in the dust ejected tiom \ esiiviiis acconl 
ing to increase of di.stance from the centre.'^ 

(2) Lajiilli (p. 172) aie ejected fragments of lava, tanging fiom the si/c of a pea 
to that of a walnut ; round, subangular, or angular in Hha|»', and having the '•ariie 
indotimte range of composition as the finer dust. As a iide, the laiger jucces fall 
nearest the focus of eruption. Sometimes they aie .solid, but more msually have a 
cellulai texture, while sometimes they are so light and poimis ai to float readily on 

’ Till- student will timl a classification and descnptmii ot tie tMgni. ntary Tii.iferinl 
ejected Iroui Ve.siivius during the explosive eruption of Apid-.M.ij IIHJO in Sn S<*m 
Ital. vol. vi. * IkdK Slh. Hal. \ol. \i. 


VOL I 


T 



S74 


DYNAMIOAL GEOLOGY 


BOOK m PABT X 


water, and, when ejected near the aea, to cover ito surface. Well- formed crystals occur 
in the lapilli of many volcanoes, and are also ejected separately. It has been observed 
indeed that the fragmentary materials not infrequently contain 6ner crystals than the 
accompanying lava.^ Lapilli may be largely derived from the disruption of more or 
less cooled and consolidated lava in the volcanic chimney, such as the crust of congealed 
rock upon the crater floor. 

(3) Scori®.— the rugged clinker-like lumps that form on the surface of molten 
lava when exposed to the air and distended by the expansion of its imprisoned vapour. 
These masses are sometimes ejected in great nuntbers from the lava in the chimney of 
a volcanic vent, partly falling back into the crater and partly down the outside of the 
cone. The term “ slag ” * (from the waste products of iron fui naces and glass-works) is 
often applied to one of these rough, irregular, porous fragments, 

(4) Volcanic Bombs. — These have originally formed portions of the column of 
molten lava ascending the pipe of a volcano, and have been detached and liurled into 
the air by successive explosions of steam. They are round, elliptical, or pear-shaped, 



40.— Heetion of VoleanK' llonib, oiic-tiiird naliual si/o. 


often discoidal, from a few inches to seveial feet in diameter ; sometimes tolerably 
solid throughout, more usually coarsely cellular or pumiceous inside (Fig. 40). Not 
infrequently the interior i.s hollow’, and the bomb then consists of a shell which 
is most close-grained towards the outside, or the centre is a block of stone with an 
external coating of lava. One class of the bombs from Ktna contains a nucleus of 
quart/ose sandstone broken off from strata within the crust, impregnated with vitreous 
material and crusted over with a coating of black scoriaceoiis olivine-bearing pyroxenic 
lava,^ Tiie bombs from the last eruption of the island of Vulcano were ellipsoidal 
pieces of pumice, with an outer and inner vesicular glassy .skin about half an inch 
thick, which from its cracks and cellular condition lias suggested the appellaliou, 
breiid-criist structure.”^ Some of these bombs were of great size, ranging from 

* Sartoriua von Waltershauseu, ‘Sicilieii mid Island,' 1853, p. 328. 

* On the ratio between the pores and volume of the nxjk in slags and lavas, sea 
determinations by Bischof, ‘Choni. und Phy.s. Geol.’ supp. (1871), p. 168. 

* The tyjies of boml*a dischai^ed by Etna are described by Messrs. Dupnrc and Mrazcc, 
Arch. Set. Phy.i. yat., Geneva, xxix. (1893), p. 256. 

* Dr. John.ston-Lavis, Froc. OeoL A»aoc. xi. (1890), p. 390. The Vesuvian bombs am 
described by Mattencci, Btill. Soc. Swr, Hal. vl p. 45 of reprint. 
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one to six metres in diameter, one actually reaching the dimensions 6x5x1 metres, 
and thus containing about 25 cubic metres and weighing nearly 68 tons.* There can 
be no doubt that, when torn by eructations of steam from the surface of the boiling 
lara, the matenal of the bombs is in a thoroughly molten condition. From the rotatory 
motion imparted by its ejection, it takes a circular form, and in proportion to its 
rapidity of rotation and fluidity is the amount of its flattening at the poles.*' The 
centrifugal force within allows the expansion of the intoiNtitial va{>our, while the outer 
surface rapidly cools and solidifies; hence the more close-gtained crust, and the more 
porous or cavernous inteiior. Bombs, varying from the sire of an apple to that of a 
man’s body, were found by Darwin abundantly strewn over the ground in the island 
of Ascension ; they were also ejected in vast quantities during the eruption of Santorin 
in 1866. '^ Among the tutfs of the Eifel region, small bombs, consisting mostly of granular 
olivine, are of common occurrence, as also pieces of sanidineor other less fusible minerals 
which have segregated out of the magma before ejection. In like manner, nrnung tlie 
tuffs filling volcanic necks, proliahly of Permian age, ’which pierce the Carboniferous 
rocks of Fife, large worn crystals of orthoclase, biotite, Ac., are found ** 

(5) Volcanic Blocks are larger pieces of stone, often angular in shape. In some 
cases they ajtjxjar to be friiginents loosened from already solidtiied rocks in the chimney 
of the volcano. Hence we find among them pieces of iioii-volcanic rocks, as well as of 
older tnlf'* and lavas lecugnisably btdoiiging toeaily eiuplions. In many cases, they 
arc ejected in cnormou.s quantities duiing the early phases of violent eruption. The 
great explosion from the side of Ararat in 1840 was accunquinied by the discharge of a 
vast quantity of fragiiiciits over a sjiace of many square miles around the mountain. 
Whitney ha.s described the occurrence in Califoinia of beds of such fragmentary volcanio 
breccia, hundreds of feet thick and covering many square miles of surface, Junghiihn, 
in his account of the eruption in Java in 1772, mentions that a valley ten miles long 
was filled to .iii avertige depth of fifty feet with angular volcanic d^bria* 

Among the earlier eruptions of a volcano, fragments of the rocks through which the 
vent has been dulled may frequently be observed. These are m many cases not volcanic. 
Blocks of s( hist .iiid granitoni rocks occur in the cinder-lieds at tlio base of the volcanic 
sciies of Santorin. In the older tuffs of Soinma, pieces of altered limestone (sometimes 
nicasniitig 200 cubic feet or nioie and weigliing upwards of 15 tons) are abundant, and 
often contain i-avities lined with the characlenstic “ Vesuvian minerals.” “ Blocks of a 
coarsely crystalline granitoid (but really trachytic) lava have lieen particularly observed 
both on Etna*' and Vesuvius. In the year 1670 a mass of that kind, weighing aoveral 
tons, was to be seen lying at the foot of the upper cone of Vesuvius, within the entrance 
to the Atiio del Cavallo. Duiing the eruption of this volcano in the spring of 1900 
an immense quantity of blocks was ejected, the largest of them estimated to contain 
12 cubic metres and to weigh 30,000 kilograms.’ Similar blocks occur among the 
Carboniferous and later volcanic pipes of Central Scotland, together ■ometiinea with 
huge fragments of sandstone, shale, or limestone, not infrequently full of Carboniferous 
fossils.’ Enormous masses of various schists have been carried up by the lavas of the 
Tertiary volcanic plateau of the Inner Hebridest.* 

* Bergeat, ‘Die AeolUclieu Inseln,’ p. 186. 

’ Darwin, 'Geological Observations on Volcanic Islands,' 2nd edit. p. 42. Fouqii^, 
'Santorin,' p. 79. “ 'Geology of East Fife,’ Mem. Ged. Snrr, 1902, p. ‘271. 

* See remarks on volcanic conglomerates, ante, p. 173, By the eruptions of May 1902 
the valleys of St. Vincent were deeply tilled with red-hot sand (p. 286). 

’ Johnston LavK Q. J. O. S. xl, p. 75 ; Trans. Edin, Geol, Soc. vL (1893), pp. 314-351. 

' For the erupted blocks (Auswiirflinge) of Etna, see * Der Aetna,' it. pp. 216, 330, 4^1. 

’ Matteucci, Boll. Soc. Sism. Ital, vn p. W. 

’ Trans. Roy. Sue. Edin. xxtx. p, 459. See podea, Book IV. Sect. viiJ ft 1 4. 

* Trans. Roy. Soc. Edin. xxxv, (1888), p. 82. 
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The fragmentary materiala erupted by a volcano and deposited around it acquire by 
degrees more or leas consolidation, partly from the mere pressure of the higher upon 
the lower strata, jiartly from the inlluenco of infiltrating water. It has been already 
stated (p. 172) that different names are applied to the rocks thus formed. The 
coarse, tumultuous, unstratified accumulation of volcanic debris within a crater or 
funnel is called Agglomerate. When the dtibris, though still coarse, is more rounded, 
and is arranged in a stratified form, especially where it is re-ussorted by moving water, 
as by ruin, streams, lakes, or the sea, it becomes a Volcanic Conglomerate. The 
finer-grained varieties, formed of dust and lapilli, are included in the general designation 
of Tuffs. These are usually pale yellowish, greyish, or brownish, sometimes black 
rocks, granular, i)orous, and often incoherent in texture. They occur interstratlfied 
with and pass into ordinary non-volcanic sediment. 

Organic remains sometimes occur in tuff. Where volcanic debris has accumulated 
over the floor of a lake, or of the sea, the entombing and preserving of shells and other 
organic objects must continually take place. Examples of this kind are cited in later 
pages of this volume from older geological formations. Professor Guisoardi of Naples 
found about 100 species of marine shells of living species in the old tuffs of Vesuvius. 
Marine shells have been picked up within the crater of Monte Nuovo, and have been 
frequently observed in the old or marine tuff of that district. Showers of ash, oi sheets 
of volcanic mud, often preserve land-shells, insects, and vegetation living on the area at 
the time. The older tuffs of Vesuvius have yielded many remains of the shrubs and 
trees which at successive jieriods have clothed the flanks of the mountain. Fiagments 
of coniferous and lepidodendroid wood, which probably once grew on the slopes or 
within the craters of the tuff-cones in Central Scotland, are abundant in the “necks" 
of that region. The minute structure of some of these plants has been admirably pre- 
served in the bed.s of tuff intercalated among the Carboniferous formations.' 

§ 2. Volcanic Action. 

Volcanic action may be either constant or periodic. Stroniboli, in 
the Mediterranean, so far as we know, has been uninterruptedly emitting 
hot stones and steam, from a basin of molten lava, since the earliest 
period of history.'-^ This activity though constant is variable. Thus in the 
ten years between 1879 and 1888 the usual moderate energy was inter- 
rupted fourteen times by more or less violent paroxysms. In its ordinary 
condition this volcano ejects ashes and stones at frequent intervals with 
greater or less violence, and sometimes with the emission of lava. A 
diary was kept of its doings on 7th July 1891, when from two of its 
eruptive vents, at intervals varying from less than a minute up to about 
half an hour, there were abbut thirty explosions between half-piist eight 

* Trans. Rity. Soc. Kdin. x\ix. p. 470; ‘tieologj of Mrm. (ifoL Sure. 

1902, p, 274 ; and postea, Book IV. Part VII Sect. ii. § 2. 

For accounts of tuk lii’ari isfjinds oee Spallanzani’s ' Voyage.*^ dans les deux Sidles.' 
Scrojie’s ‘Volcanoes.’ Jndd, Oeol. Mug. 1875. Mercalh’a ‘Vnlcani, kc.' p. 1U5 ; his 
papers in Atli Soc. Itul. Set. Nat. xxiL.xxiv. xxvii. xxix. xxxi., and tliose cited pontm. 
A. Baltzer, Z. D. 0. (J, xxvi. (1875). L. W. Fulcher, Gtol. Mag. 1890, p. 347. "Le 
Fruzioni dell’ Isola di Vnlcano, 3 agosto 1888—22 inarzo 1890,” Anti. Uf. Ventr. 
Mefeorot. t Otodiwmien, z. part iv. (1888). E. Cortese and V. Sabatiiii, ‘ De-iorizioue 
deologieo-petrografica delle Isole Eolie,' Rome, 1892; A. Bergeat, “Die Aeoliscben 
Inseln," Ahhand. Bayer. Akad., Munich, ii. Cl. voh xx. Abth, i. (1899). A good bibliography 
uf the Lipari Islands up to 1890 will be found In Dr. Johnston-Lavis, ‘South Italian Vol- 
eauoes,' cited on p. 263. 
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o’clock in the morning and a few minutes past two in the afternoon, or 
on the average from six to seven in the hour. Some of the explosions 
were extremely w^k, but some were vigorous enough to eject red-hot 
stones, the incandescence of which could l>e seen at a distance, in spite 
of the daylight, while occasionally the ground sensibly trembled.^ 

Among the Moluccas, the volcano Sioa, and in the Friendly Islamls, 
that of Tofua, have never ceased to be in eruption since their first dis- 
covery. The lofty cone of Sangay, among the Andos of Quito, is always 
giving off hot vapours ; Cotopaxi is ever constantly active,'-^ as is also 
Izalco in San Salvador, Central /Vinerica. But, though exainjdes of 
unceasing action may thus be cited from widely different (piartors of ibo 
globe, they are nevertheless exceptional. The general rule is that a 
volc.ano breaks out from time to time with varying vigour, and after 
longer or shorter intervals of qiiieseenee. 

Active, Dormant, and Extinct Phases. — It is usual to (dass volcanoes 
as active, dormant, and exiinet. This arnmgement, however, often presents 
considerable difficulty in its application. An active volcano cannot of 
course be misUvken, for even when not in vigorous eruption it shows 
by its di.scharge of steam and hot vapours that it might break out again 
at any moment. But in many ea.ses it is impossible to decide whether 
a volcano should be called extinct or only dormant. Tlie volcanoes of 
Silurian age in \\'ales, of ( arbonifenms age in Ireland, of Ferrnian age 
in the Harz, of Miocene age iti the Hebrides, of younger Tertiary age in the 
Western States an<l Territone.s of North Ainendai, .are certainly all extinct. 
But the older Tertiary voicanoe.s of Icclaml are still rc})rescuted there 
by Skapt.ir-dokull, Hedu, arid their neighbours.'* Somma, in the first 
century of the ('hristiaii era, would have been naturally regarded as an 
extinct volcano. Its fires had never been known to have been kindled ; 
its vast crater was a wilderness of wild vinc.s and brushwood, haunted, no 
doubt, by wolf and wild boar. Yet in a few days, during the autumn of 


' Professors Ricco ati<l Mcrr.illi have given adelnilid acoount of ihe eruptive iiiovi rneiit 
in Stroml^oli, Ann. Uff Centf m, jiait lu. (Ibyg). Another itinry of hv« 

hours was kept on lUh OcIoIkt 1894, hy Dr. lieigcat, with Munewhal .similar results : ‘Die 
Aeolischeii Iiiseln,' p. 36, 

• For desonplioiis of Cotopa.\i, see Wolf, JuUrh 1878. Whymiier, yaltue, xxin. 

p. 323 ; ‘Travels amongst the (Jreat Andes,' chap vi. 

* On the volcanic phenomena of Iceland, consnlt ii. Mackenzie's ‘Travels in the IsUnJ 

of Iceland during the Summer of 1810.’ K. Henderson’s 'Iceland.' Zirkel, ‘ I)e g*',,, 
gno.Htica Lslandae const I tut tone ohservationes,’ Hon n, 1861. ThorfsiiLsen, ‘ Ovenngt overdo 
Islamiske Vulkaiiers Histone,' translated in rhume hy i I H. i^inifhantudit Intt. 

Rep. 1885, part i, p 4^.') ; also liihnng t. ^ivnink. I «■/. Abvl. Handl. xiv. ii. (1^88), xvii.iL 
(1891) , Geol. Mag. 1880, p. 4.68 ; Xalure, Oct. 1S84. (leo(jni]>h. TxiiAk. vol. x. (1849* 
1890), pp. 149-17‘2 : xii. (1893-94), pp. 167-234 , xiii. (189.6). pp. 3-37, 99-1 2'2, 140-1.66 ; xtv. 
(1397-98), pts. 1, 2, 5, 6 ; xv. (1899), pp. 3 14 ; xvi ^901-1902;, pp. .68-80. VnUundL 
(fescl. Erdk., Berlin, 1895, p. 187. MxUh. K. K. (imji. Vienna, xxiv. (1891), p. 117. 
Kcilhack, Z, iK (J. </. xxxviii, (1886), p 376, .Shmidt, op. at. xxxvii. (1885), jt. 7.87. 
A. Hellaud, “Lakis Kratere og Lava-strome, ” Unirfmtef'^ Rroginmme, Cliristiania, 1885. 
Brwn, ‘Gvologie de I'lslande, et des Wes Faercn-,' Pans, 1881. T. Anderson, Jottm. 
Soc. Art$, vol. xl. (1892), p. 397. 
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the year 79, the half of the crater walls was blown out by a terrific series 
of explosions, the present Vesuvius was then formed within the limits of 
the earlier crater, and since that time volcanic action has been inter- 
mittently exhibited up to the present day. Some of the intervals of 
quietude, however, have been so considerable that the mountain might 
then again have been claimed as an extinct volcano. Thus, in the 131 
years between 1500 and 1631, so completely had eruptions ceased that 
the crater had once more become choked with copsewood. A few pools 
and springs of very salt and hot water remained as memorials of the 
former condition of the mountain. But this period of quiescence closed 
with the eruption of 1631, — the most powerful of all the known ex- 
plosions of Vesuvius, e;ccept the great one of 79. Since the middle of 
the seventeenth century the volcano has been intermittently active but 
never dormant. Three phases of its energy are recognised. Of these 
the weakest, known as the Solfataric, is manifested by the constant 
emission of steam and vapours with the formation of sublimates in the 
cracks up which these emanations reach the surface. The second, known 
as the Strombolian, is shown by a continual eructation of dust and stones, 
which, however, are not ejected with much force, and for the most part 
fall back into the crater or on the upper part of the cone. In the third 
and most vigorous phase, which has been termed Plinian, 'after the 
historian of the eruption in 79, large volumes of steam, dust, ashes, 
BCorisB, bombs and blocks are expelled with great violence high into the 
air and fall around the crater, while occasionally streams of lava issue 
from rents in the cone and flow down the outside of the mountain.^ 

In the island of Ischia, Mont’ Epomoo was last in eruption in the 
year 1302, its previous outburat having taken place, it is believed, about 
seventeen centuries before that date. From the craters of the Eifel, 
Auvergne, the Vivarais, and Central Italy, though many of them look as 
if they had only recently been formed, no eruption has been known to 
come during the times of human history or tradition. In the west of 
North America, from Arizona to Oregon, numerous stupendous volcanic 
cones occur, but even from the most perfect and fresh of them nothing 
but steam and hot vapours has yet been known to proceed.'^ But the 
presence there of hot springs and geysers proves the continued existence 
of one phase of volcanic action. 

In short, no essential distinction can be drawn between dormant 
and extinct volcanoes. Volcanic action, as will bo afterwards pointed 
out, is apt to show itself again and again, even at vast intervals, within 
the same regions and over the same sites. As above stated, the 
dormant or waning condition of a volcano, when only steam and various 
gases and sublimates are given off, is called the Soliataric phase. 

Sites of Volcanic Action. — It has been a prevalent belief among 

* R. V. Matteuccl, Tachtrmak'B Mittk. xv. (1895), part v. ; Bol. Soc. Siam. Ital. vi. 
p. 82 of reprint. 

•* ’ Eraptione ooenrred perhapa lew than 100 years ago. Diller, Bull. U. S. O. S. No. 79. 
I. C. Rasaell'a * •* Yo]caooea of North America’ gives a valuable summary of information 
regarding the later volcanio history of the United States. 
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geologists that for the appearance of a volcano on the surface' of the 
earth there must first be a fissure of the terrestrial crust, and that the 
site of the volcano will be generally determined by the weakest {mint 
along the line of fracture, where least resistance is offered to the expansiN e 
energy of the subterranean vapours. It is undoubtedly true that many 
groups of volcanoes are placed in lines strongly suggestive of the existence 
of such fissures in the crust. It is impossible, for example, to study the 
volcanic map of the globe without concluding that along such lines as the 
Aleutian and Kurile islands, Japan, and the islands of the East and West 
Indies there must be long rents underneath, which have jirovided a pathway 
for the manifestations of volcanic energy. These major lines of distribu- 
tion have been cited as a proof of the usual connection between volcanic 
distribution and fractures in the crust. ^ 

Nevertheless, that a new volcanic cone may arise without the appear- 
ance of any fissure has been shown by instances that have been witnessed 
both in the Old and New Worlds. Thus on the shores of the Jlay of 
Naples, among gardens and cottages, Monte Nuovo, to which further 
reference will be made in the sequel, was piled up within a space of two 
days to a height of nearly 500 feet. Again, in the )ear 1770 a mw 
volcano (Izalco) broke out in the midst of a aittle estate about 30 miles 
west of the city of San Salvador. Since that time it has been constantly 
active, and has now' attained a height of almut 3000 feet. In the sanu' 
volcanic region, early -in 1880, a volcano burst forth in the lake llopango, 
and 8pe«‘dily formed an island about 5 acres in extent and 160 feet 
high, though the water imme<liately around it was 100 fathoms in depth. 
Further, in the volcanic ground of Nicaragua during 1850, a volcanic cone 
was thrown up at the edge of the plain of Imon. It is true that all 
those eruptions took place in tracts that had already been theatres of 
volcanic activity, and where there are still active volcanoes. But they 
indicate that new vents may be opened to the, surface at some little 
distance from any older funnels and without the accompaniment of any 
visible fissure. 

For some years past there has been a grow'ing belief that while linear 
groups of volcanoes no doubt indicate the existence of rents or lines of 
w’oakness in the terrestrial crust, volcanic energy is of itself cajiable of 
drilling an orifice through the crust and forcing its way to the surface. 
The absence of any contributory fis.sure can be demonstrated in the 
case of many ancient volcanic vents, the ground-plan and surroundings 
of which have Imcn laid bare by (hmudation. Thus as far back as 
the year 1879 1 observed that the numerous volcanic vents of (Carbon- 
iferous and later age in Central Scotland have been blown out of the 
crust without any trace of their coincidence with lines of fault.* 
In 1886 Dr. Ferdinand Imwe combated the prevailing conception, 

^ See, for instance, M. Michel- U-vy's essay, “8nr la Co-ordination et la Repartition dei 
Fractures et des Effondrements de I’feorce terrestre en relation avec lea ^^panchementi 
volcaniques,” BuU. S. 0. F. xxvi. (1898), p. 105. 

* Tratu. Ray. Soc. Kdin. xxix. (1879). Tlie independence of faults on the part of 
these vents was noticed in the first edition of this text-book, published in 1882, p. 659. 



280 


DYmMICAL OEOLOGY 


BOOK ni PART I 


maintaining that the magma had of itself energy sufficient to enable it to 
perforate the crust without the help of a fissure.^ Professor Branco has 
been led to a similar conclusion from his study of the numerous volcanic 
necks of Swabia, which in many respects repeat the structure of the older 
series in Scotland. Dr. E. Jioese, of the Geological Institute of Mexico, 
has more recently adopted the same view, which he says is borne out by 
a study of the volcanoes of that country.^ This subject will again be 
referred to in § 5, and in Book IV. Part VII. Sect, i, § 4. In the inean- 
tim(i it may be sufficient to note that while the subterranean energy of 
the planet doubtless avails itself of any lines or points of weakness in the 
crust, the existence of lines of fissure is not absolutely essential for the 
production of volcanoes, and that many ancient volcanic vents, the sur- 
roundings of which have been entirely laid bare by denudation, can be 
demonstrated to have risen without the help of any visible faults.-'* 

An important inference may be deduced from the considerations just 
stated. It is obvious that in order to be able to expel an overlying 
column of the earth’s crust the nuigma must have ascended to within a 
com[)aratively short distance from the surface. In the ca.se of the in- 
numerable small vents which can be proved to have been drilled through 
unfaulted rocks, this proximity of the top of the magma to the mouths 
of the funnels becomes strikingly apparent. And as the.se vents are 
numerous they show that in many cases volcanic action is not deep-seated 
but has its source not many hundred feet below' ground. The ascertained 
relation between the eruptive activity of some volcanoes, such as Stromboli 
and Vesuvius, and seasons of wot weather (p. 281), together Avith the 
briefness of the interval of time between the fall of the rain and the 
renewal of volcanic explosions, points to the comparatively superficial 
character of some manifestations of volcanic phenomena.^ 

Volcanoes may break through any geological formation. In Auvergne,^ 
in the Miocene period, they burst through the granitic and gneissose 
plateau of Central France. In Lower Old Red Sandstone times, they 
pierced contorted Silurian rocks in (’cntral Scotland. In late Tertiary 

' Jdhrh, K. K. (Jeol. JlncJu^an.sf. 1886, p 315. 

- Brauco, ‘Schwabena 125 Vulkan-Embryonen,’ Stuttgart, 1894 ; Seues Jdhrh, i. (1898), 
p. 175 ; E. Boese, Mem. Si>c. Afznte, Mr.rico, .viv (1899), p. 199. 

^ ‘ Ajicieiit Volcanos uf Gnmt Britain,’ i. p. 69 ; ii. p. 65. 

* See Stlibel’s ‘Vulkanberge von Ecuador,’ 1897 ; and ‘Km Wort uber den Sitz der 
vulkantschen Krafte in der Gegenwart,’ I^eipzig, 1901. G. do Ijorenzo, “ Cousidefaziom 
suir Origine superHcialedoi Vulc.am,” Afli Acdil. Sei., Naples, xi. (1902) ; Rend. Ami. Sd., 
Naples, Nov. 1901. 

® For descriptions of ahvkrone and the volcank* districts of Central France, see 
Hcrope’s ‘Geology and Extinct Volcanoes of Central France,’ 2nd edit. 1858. H. Lecoq’s 
‘^poqiie.s gt'-ologiques de I’Auvergne,’ 1867. Michel-Wvy, B. *S'. (?. F. xviii. (1890), p. 688. 
The succession of volcanic rocks in Velay is described by M. Boule, B, S. G, F, xviii. 
(1889), p. 174, and in Bull. Carte Gfoi. de la France^ No. 28 (1892) ; .see also P. Termier, 
op. cit. No. 18 : J. Giraiid, op. rU. No. 87 ; P. Glangeaud, Cowpi. rend. 5th June 1900. An 
interesting historical sketch of the progress of investigation in Auvergne will be found in a 
pamphlet by Antoine Vernit-re, “ Les Voyageurs et les Naturali.stes dans I’Auvergne et dans 
le Velay." Clermont Ferrand, 1900. 
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and post-Tertiary ages, they found their way through recent soft marine 
strata, and formed the huge piles of Etna, Sommii, and \^esiiviuB ; while 
in North America, during the same cycle of geologiciil time, they flooded 
with lava and tuff many of the river-courses, valleys, and lakes of Nevada, 
Utali, Wyoming, Idaho, and adjacent territories. On the banks of the 
Khine, at Bonn and elsewhere, they have penetrated some of the older 
alluvia of that river. In many instances, also, newer volcanoes have 
appeared on the sites of older ones. In Scotland, the Carboniferous 
volcanoes have risen on the ruins of those of the Old Red Siindstone, 
those of the Permian period have broken out among the earlier Carbon 
iforous eruptions, while the older Tertiary dyke.'? have l>ecn injected into 
all these older volcanic masses. The newer ptti/s of Auvergne were 
in some cases erupted through much older and already greatly denuded 
l)asalt-streams. Somma and Vesuvius have ri.sen out of the great 
Neapolitan })lain of older marine tuff, while in Central Ilnly newer 
cones have been thrown up upon the wide Roman plain of more anciiujt 
volcanic d('*bris.^ The vast Snake River lava-lields of Idaho overlie 
denuded masses of earlier trachylic lavas, and similar proof.s of a long 
succession of intermittent and widely .separated vohanic ontbiir.sts can )>(> 
traced northwards into the Yellowstone basin. 

Ordinary phase of an Active Volcano.- -The interval between two 
eruptions of an active volcano shows a gradual augmentation of energy. 
The crater, emptied by the last di.scharge, has its floor slowly upraised 
by the expansive force* of the lava column underneath. Vapours rise in 
constant outflow, accompanied sometimes hy discharges of dust or stones, 
Througli rents in the crater floor red-hot lava may be seen only a few feet 
down. Where the lava is maintained at or above its fusion-jmint and 
possesses grciit liipiidity, it may form boiling lakes, as in the great crater 
of Kilauea, where acres of se<?thing lava may be washed throwing up 
fountains of molten rook, surging against the walls and re-fusing large 
masses that fall into the burning flood. The lava column inside the pipe 
of a volcano is all thi.s time gradually rising, until some weak jiart of 
the wall allows it to escape, or until the pressure of the accumulated 
vapours becomes great enough to burst through the hardened crust of the 
crater-floor and give rise to the phenomena of an eruption. 

Influence of Atmosphere. — Leaving for the present the general 
question of the cause of volcanic action, it may be here remarked that 
the conditions determining any particular eruption are still unknown. 
The explosions of a volcano may he to some, prol)ably slight, extent 
regulated by the conditions of atmospheric pressure over the area at 
the time. When we rememlier the connection, now indubitably e.stab- 
lished, between a more copious discharge of fire damp in mines and a 
lowering of atmospheric pressure, a similar influence may well affect the 
escape of vapours from the upper surface of a lava-column ; for it is 
mainly to the expansive vapours impregnating the lava that the manifesta- 

* According to Profewor CJ, Porn, the principal volcanic ontburslR of Italy arc of the 
Glacial period: Alti Lincti, ii. (1878), p. 35. G, de Stefani regardn those of TiiHcaiiy as 
partly Miocene, partly Pliocene and po«t-Plioccne : Totu. Soc, A'al. Pita, 1. p. xxi. 
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tions of volcanic activity are due. In the case of a volcanic funnel like 
Stromboli, where, as Scrope pointed out, the expansive subterranean force 
within, and the repressive effect of atmospheric pressure without, just 
balance each other, any serious disturbance of that pressure might be ex- 
pected to make itself evident by a change in the condition of the volcano. 
Accordingly, it has long been remarked by the fishermen of. the Lipari 
Islands that in stormy weather there is at Stromboli a more copious 
discharge of steam and stones than in fine weather. They make use of 
the cone as a weather-glass, the increase of its activity indicating a falling, 
and the diminution a rising barometer.^ There may, however, be other 
causes besides atmospheric pressure concerned in these differences; the 
preponderance of rain during the winter and spring may be one of these. 

During the eruption of Vulcano, which lasted from the beginning of August 1888 to 
near the end of March 1890, the Government Cotnmission to the island kept a meteoro- 
logical record for the purpose of ascertaining what connection there might be between 
the explosions and the state of the atmosphere. The length of time during which the 
observations were carried on was probably too brief to warrant any very definite 
conclusion on the subject ; but so far as the observations went they indicated that while 
the main cause of variation in the volcanic energy was to be sought in subterranean 
conditions, there yet appeared to be on the whole a coincidence between the feebler 
manifestations of volcanic activity and a high barometer, while the more vigorous 
displays corresponded to changes from settled to stormy weather.® 

At Hawaii evidence of a relation of volcanic activity to the seasons has been 
established beyond question. Out of the whole number of eruptions from Manna Loa, 
19 in number, from 1832 to 1887, 6 occurred in January, 3 in February, 4 in March 
April and May, 1 in June ; 4 began in August and 2 in November. Thus 16 out of the 
19 took place in the wetter season. If to these are added the eruptions at Kilauea, the 
numbers become 20 or 21 out of a total of 27.’ Again, Etna, according to Sartoiiiis 
von Waltcrshausen, is most active m the winter months ; while among the Vc.suvian 
eruptions since the middle of the seventeenth century, the number which took jdace in 
winter and spring has been to that of those which broke out in summer and autumn as 

^ A. Bergeat, “ Der Stromboli als VVetterprophet," Z. 1). 0. 0. xlviii. (1890), pp. 163-239. 

'■* Silvestri aud Merealli, ‘Le Eruzioni dell’ Isola di Vulcano,' p. 113. 

’ This seasonal relation was first noticed by the Rev. T. Coan, and was recognised by 
Mr. W. Lowthian Green, J. D. Dana, Amer. Journ. Set. xxxvi, (1888), p. 84. For accounts 
of the volcanic phenomena of Hawaii, see W. Ellis, ‘Polynesian Researches.’ Wilkes’ 
(/.S. Exploring KxpedUion, 1838-42, “Geology,” by J. D. Dana. Mr. Coan, a missionary 
resident in Hawaii, observed the operations of the volcanoes for upwards of forty years, and 
published from time to time short notices of them in the Ameriam Journal of Scimet. vols. 
xlii. (1852) xiv. xv. xvili. xxi. xxii. xxiii. xxv. xxvli. xxxvii. xl. xliii. xlvii. xlix. ; 3rd ser. 
ii. (1871 ) iv. vii. viii. xiv. xviii. xx. xxi. xxii. (1881). Professor Dana revisited these volcanoes 
and fully discussed their phenomena in the Amer, Joum. Sci. vols. xxxiii.-xxxvii. (1887-89), 
and ill his ‘Characteristics of Volcanoes.’ See also C. E. Dutton, Amer. Joum. Set. xxv. 
(1888), p. 219; Report U.S. Geological Survey, 1882-83. L. Green, ‘Vestigp.s of the 
Molten Glolie,’ 1887. W. T. Brigham, Amer. Joum. Sci, xli. (1891), p. 507 ; S. E. Bishop, 
op. cit, xliv. (1892), p. 207 ; ilv. (1898), p. 241 ; xlviii. (1894), p. 338 ; E. Wood, Amer. 
Oeol. xxiv. (1899), p. 300; C. H. Hitchcock, B. Amer. Oeol. S^. xi. (1901), pp. 36-49; 
xii. (1901), p. 46 ; Nature, xlvll (1893), p. 499 ; 1. (1894), pp. 91, 483 ; liii. (1896), p. 490. 
For an account of the remarkable glassy lavas of Hawaii, 'see E. Cohen, Neues Jahrb. 1880 
(ii.), p. 23 ; and a general account of the petrography Of the islands, by E. S. Dana, Amer, 
Joum. Sei. xxxvii. (1889), p. 441. 
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7 to 4, The influence of a rainy season in augmenting the activity of Vesuvius has 
recently been repeatedly urged by 0. de Lorenzo. He has pointed out that the 
recrudescence of Strombolian explosive energy in this mountain during May 1900 
followed after an exceptionally rainy season, and that a similar effect re-aj){)eaTOd after 
the heavy rains of the following November and February.* In Japan the greater 
number of recorded eruptions have taken place during the cold months of the year, 
February to April. “ 

According to Mr. Coan, previous to the great Hawaiian eruption of 1868 then* had born 
unusually wet weather, and to this fact he attributes the exceptional seventy of the eaith- 
quakes and volcanic explosions. The greater fiequenoy of Japanese volcanic ciuptions 
and earthquakes in winter has been referred in explanation to the fact that the a\erage 
barometric gradient across Japan is steeper in winter than in summer, while the piling 
up of snow in the northern regions gives rise to long-continued stresses, in consoijueiice 
of which certain lines of weakness in the earth's crust are more prepared to give way 
during the winter months than they are in summer •* The effects of varying atmo- 
spheric pressure, however, probably at most only slightly and locally modify volcanic 
activity. Eruptions, like the great one of Cotopaxi in 1877, have in iniiumerablo 
instances taken place without, so far a.s can be ascertained, any reference to alinosjtberic 
conditions. 

Kluge has sought to trace a connection between the years of maximum ami minimum 
sun-spots and those of greatest and feeble.st volcanic activity, and has constructed lists 
to show that years which have been 8|)ecidlly charactoriHod by leirestrnil eniptioiis have 
coincided with those marked by few sun-spots and diminished magnetic disturbance.* 
Such a connection cannot bo regarded as having yet been sati.sfaotonly eatablialuKl. 
Again, the same author has called attention to the Irequency and vigour of volcanic 
explosions at or near tlie time of the August meteoric shower. Hut the cited examples 
can hardly yet be looked upon as more than coincidence.s. 

Periodicity of Eruptions. — At many volcanic venU tho eruptive 
energy maniftjsts itself with more or less regularity. At Stromboli, 
which is constantly in an active state, the explosions occur, as wo have 
seen, at intervals varying from less than a minute up to half an hour or 
more. A similar rhythmical movement has been often observed during 
the eruptions at other vents which are not constantly active. Vulcano. 
for example, during its eruption of September 1873, displayed a succession 
of explo.sions which followed each other at intervals of from twenty to 
thirty minutes. Tho same volcano repeated its alternations of gentle 
and violent discharges during the eruptive jieriod above referred Ui 

* Re7uf. Acrad. Sci., Naple.s, Fasc. 5 and 6, S to ]2, 1900 ; Fane. 8, 1901. 

J. Milne, Sor. Japan, i.\. part n. p 174. For aivounts of the volcanic 

phenomena of japan, the Tranmelwns af the Artmofagtcai Soruti/ Japan dlinuld be 
consulted. See aho Dr. B. Kotf), ‘Scope of the Vnlcanological Sur\e\ of .lopan,’ Tnkio, 
1900, where a list of paj>ers on the Japanese volcanocH, published and in jireparalKUi, will 
be found; E. Naumann, “ Die Vulcaninsel Ooshima," Z />. fi. xxix. (1877), pp. 864- 
391; S. Sekiya and Y. Kikuchi, ‘The Eruption of BandaiMui,’ Tokio, 1889; W. J. 
Holland, “Ascent? of the Volcanoes Nantai-san, A.sama-yama, ami Nasu-take," Appalachia, 
Boston, Dec. 1890. 

^ J. Milne, loc. cit. 

* ‘ Ueber Synchronismus und Antagonismus,' 8vo, Leipzig, 1863, p. 72 A. Poey [tJoinpUn 
rend. Ixxviii. (1874), p. 61) believes that among the 786 eru|)tion8 recorded by Kluge, 
l»etween 1749 and 1861, the maxima correspond to periods of minimum in solar spots. 
Compare the reimrted connection of earthquakes with sun-spots, &c., patim, p. 363. 
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as having lasted from August 1888 to March 1890. A diary of the 
explosions was kept for each day between the 11th February and 24th 
March 1889. During that interval three periods could be distinguished 
that differed in the rhythm and intensity of the eruptions. The first 
of these, from 11th to 23rd February, was characterised by the great 
frequency and moderate intensity of the explosions, having on the average 
twelve explosions in the hour, with intervals always less than 20 minutes, 
except in one case, where the intervals reached 29 minutes. The second 
period, from 24th February to 20th March, was marked by the diminished 
frequency and greater intensity of the eruptions, the average being seven in 
the hour, with intervals between them generally less than half an hour, 
but in one case 48 minutes and in another J hour and 12 minutes. 
In the third period, from the 22nd to the 24th of March, the eruptions 
were few in number and moderate in intensity, with intervals between 
them of oven 3 hours and more.^ 

At Etna and Vesuvius a similar rhythmical series of convulsive 
efforts has often been observed during the course of an eruption.- 
Amf)ng the volcanoes of the Andes a periodic discharge of steam has 
been observed ; Mr. Whymper noticed outr\i8hes of steam to proceed at 
intervals of from twenty to thirty minutes from the summit of Sangai, 
while during his inspection of the great crater of Cotopaxi this volcano 
was seen to blow off steam at intervals of about half an hour.*^ At the 
eruption of the Japanese volcano Oshima, in 1877, Mr. Milne observed 
that the explosions occurred nearly every two seconds, with occasional 
pauses of 16 or 20 seconds.* Kilauea, in Hawaii, seems to show a 
regular system of grand eruptive periods. Dana has pointed out that 
since 1832 outbreaks of lava have taken place from that volcano at 
intervals of from three and a half to twelve and a half years, these 
intervals being required to fill the crater up to the point of outbreak, 
or to a depth of 400 or 500 feet.^ 

Some volcanoes have exhibited a remarkable paroxysmal phase of 
activity, when after comparative or complete quiescence a sudden gigantic 
explosion has taken place, followed by renewed and prolonged repose. 
Vesuvius supplies the most familiar illustration of this character of 
volcanic energy. The great eruption of a.d. 79, which truncated the 
upper part of the old cone of Somma, was a true paroxysmal explosion, 
unlike anything that had preceded it within historic times, and far more 
violent than any subsequent manifestation of the same volcano. This 
phase of volcanic activity is discussed at p. 289. 

General sequence of events In an Eruption. — The approach of an 

* Professor Mercelli, ‘Le Eruzioni dell’ Isola di Viilcauo,’ c;ip. li. art. 4, p. 75. The 
observations were continued by Professor 0, Silvestri from 26th March 1889 to 22nd March 
1890, but not in the same detail. 

* 0. Merenlli, Atii Soc. lUd. Sci. Xat. xxiv. (1881). 

* ‘Tnvels among the Great Andes of the Eqiutor,’ 1892, pp. 74, 153. 

* Trans. Seim, Soc. Japan, ix. part ii. p. 82. 

' 'Characteristics of Volcanoes,' p. 124. Amer. Jounn Sci, xxxvi. (1888), p. 83. On 
periodicity of eruptions, see Kluge, Nexus Jahrb, 1862, p. 582. 
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eruption is not always indicated by any premonitory symptoms, for 
many tremendous explosions are recorded to have taken place in different 
parts of the world without perceptible warning. Mueli in this respect 
would appear to depend upon the condition of liquidity of the lava, and 
the amount of resistance offered by it to the passage of the escaping 
vapours through its mass. In Hawaii, where the lavas are remarkably 
liquid, vast outpourings of them have taken place quietly without earth- 
quakes during the present century. But even there, the great eniption 
of 1 868 was accompanied by violent earthquakes. 

The eruptions of Vesuvius are often preceded by failure or diminution 
of wells and springs. But more frequent indications of an approaching 
outburst are conveyed by sympathetic movements of the ground. Bull 
terranean rumblings and groanings are heard ; slight tremors succeed, 
increasing in frequency and violence till they become distinct earthquake 
shocks. The vapours from the crater grow more abundant, as the lava- 
column in the pipe or funnel of the volcano ascends, forced upward and 
kept in perpetual agitation by the pjis.sage of elastic vapours through its 
mass. After a long previous interval of quiescence, there may be much 
solidified lava towards the top of the funnel, which will restrain the 
ascent of the still molten portion underneath. A vast pressure is thus 
exercised on the sides of the cone, which, if too weak to resist, will 
open in one or more rents, and the liquid lava will issue from the outer 
slope of the mountain ; or the energies of the volcano will be directed 
towards clearing the obstruction in the chief throat, until with tremendous 
explosions, and the rise of a vast cloud of steam, dust and fragments, the 
bottom or sides of the crater are finally blown out, and the toj) of the 
cone may disappear. liuva may now escape from the lowest part of the 
lip of the crater, while, at the sjune time, immense numliers of red-hot 
bomhs, scoria', and stones are shot up into the air. The lava at first 
rushes down like one or more rivers of melted iron, but, as it cools, its 
rate of motion lessens. Clouds of steam rise from its surface, as well as 
from the central craU^r. Indi'cd, every succes.sive paroxysmal convuLsion 
of the mounUiin is marked, even at a distance, by the rise of huge; ball 
like (or cauliflowei- like) wreaths or clouds of steam (P'ig. 39), mixed 
with dust and stones, forming a column which towers sometimes a couple 
of miles or more above the summit of the cone. By degree.s these 
eructations diminish in frequency and intensity. 1'he la\a cease.s to issue, 
the showers of stones and dust decrease, and after a time, which may 
vary from hours to days or months, even in the reffnnf‘ of the same 
mountain, the volcano becomes once more tranquil.* 

Some of the most destructive eniptions have been unaccomjianied by 
the outflow of any lava. Thus in the disastrous explosions of the West 
Indian islands in May 1902, by which the town of St. I’ierrc in Martinique, 
with .30,000 inhabitants, and a wide tract of country in St. Vincent, with 

* See Sihtni'lt’.s narrative ol the eruption of Ve«uvms in .May 185.’5, toj^ellier with tlie 
other narratives ol the eruptions of that mountain cited on p. 207, and tho.se ol Etna 
emimeraled on p. 264. An account of the greet eniption of C'otoimi in June 1877, by Dr. 
'I*h. Wolf, v*iU be found in Neven Juhrii, 1878, p. 118. 
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2000 or more of the population, were destroyed in a few minutes, no lava 
appears to have been poured forth except in the form of vast quantities of 
incandescent dust, sand and stones, into which it was blown by the explosion 
of the vapours and gases occluded in it. At these two volcanoes “ the most 
peculiar feature of the eruptions was the avalanche of incandescent sand 
and the great black cloud which accompanied it. The preliminary stages 
of such eruptions, which may occupy a few days or only a few hours, 
consist of outbursts of steam, line dust and stones, and the discharge of 
the crater-lakes as torrents of water or of mud. In them there is nothing 
unusual, but as soon as the throat of the crater is thoroughly cleared, 
and the climax of the eruption is reached, a mass of incandescent lava 
rises and wells over the lip of the crater in the form of an avalanche of 
red-hot dust, whicli rushes down the slopes of the hill, carrying with it a 
terrific blast, which mows down everything in its path. The mixture of 
dust and gas behaves in many ways like a fluid. The exact chemical 
composition of these gases remains unsettled. They apparently consist 
principally of steam and .sulphurous acid.” ^ 

In the investigation of the subject, the student will naturally devote 
attention specially to those aspects of volcanic action which have more 
particular geological interest from the permanent changes with which 
they are connected, or from the way in which they enable us to detect 
and realise conditions of volcanic energy in former periods. 

Fissures. — The convulsions which culminate in the formation of a 
volcanic cone sometimes split open the terrestrial crust by a more or less 
nearly rectilinear fissure, or by a system of fissures. In the subsequent 
progress of tlie mountain, the ground at and around the focus of action 
is liable to be again and again rent open by other fissures. These tend 
to diverge from the focus ; but around the vent where the rocks have 
been most exposed to concussion, the fissures sometimes intersect each 
other in all directions. In the great eruption of Etna, in the year 1G69, 
a series of six parallel fissures opened on the side of the mountain. One 
of these, with a width of two yards, ran for a distance of 12 miles, in a 
somewhat winding course, to within a mile of the top of the cone.- 
Similar fissures have often been observed on Vesuvius and other vol- 
canoes.^ A fissure sometimes re-opens for a subsequent eruption. 

Two obvious causes may be assigned for the pushing upward of a 
orater-floor and the fissuring of a volcanic cone: — (1) the enormous 
pressure of the dissolved vapours or gases acting upon the walls and 
roof of the funnel and convulsing the cone by successive explosions ; and 
(2) the hydrostatic pressure of the lava-column in the funnel, which may 
be taken to be about 120 lbs. per square inch, or nearly 8 tons on the 
square foot, for each 100 feet of depth. Both of these causes may act 

* Andersou and Flett, Proc. Roy. Soc. l.x\. (1902), p. 444. The incandescent dust and 
sand, mingled with vaiwurs, rolled like a liquid down into the valleys end accumulated 
there. 

* For fissures on Etna, see Silvestri, JMl. R: Otol. Qmt. JtaJ, 1874. 

^ For a description of those of Iceland (which run chiefly N.E- to S.W., and N. to S.), 
see T. Kjerulf, Nt/L Mag. xxi. p. 147. The great Laki fissure of 1783 and other Icelandic 
chasms are further noticed in the account of fissurA-eruptions on p. 342. 



v6L(^(rh^is " " «S7 


simultaneously, and their united effect has been to uplift enormous 
superincumbent masses of solid rock and to produce a widespread series of 
long and continuous fissures reaching from unknown depths to various 
distances from the surface and even opening up sometimes on the surface. 
These results of the expansive energy of volcanic action are of special 
interest to the geologist, for he encounters evidence of similar operations 
in former times preserved in the crust of the earth. (See Hook IV. Part 
VII. Sect, i.) 

Into rents thus formed, the water-substance or vapour rises with 
great expansive force, accompanied by the lava, whicli solidifies there 
like iron in a mould. Where fissures are vertical or higlily inclined, the 



l iX 41 . View of lji\a <lykc«, Vrtllc-lel Itove, Kliia (Abich). 

igneous rock, on solidification there, takes (he form of df/hs or mns , 
where the intruded material has forced its way more or less in a horizontal 
direction between strata of tuff, beds of non-volcanic sediment or flows 
of lava, it Uikes the form of ske^s (sills) or bcils. The clitt’s of many an 
old crater show how marvellously they have been injected by such veins, 
dykes or sheets of lava. The dykes* of Somina, and the Valle del Hove 
on Etna (Fig. 41), which have long been known, project now from the 
softer tuffs like walls of masonry.* The crater cliffs of Santorin also 
present an abundant series of dykes. Ociiisionally examjiles may bo 
seen of dykes which have risen to the surface in their fissures and then 
have flowed out at the surface. A section showing this structure was 
exposed by a landslip on the side of the cone of Vesuvius in May 1885. 
Instances have likewise been observed where, after being injected into a 
' S. von Waltenhausen, ‘Der Ai*tna,’ h, p. 341. 
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issure and adhering to its cool walls, the still fluid lava in the centre 
las escaped below, leaving a hollow dyke, with only a thin crust of its 
lubstance on either side. 

The pennanent separation of the walls of fissures by the consolidation 
if the lava that rises in them as dykes must widen the dimensions of a 
jone, for the fissures are not due to shrinkage, although doubtless the 
loosely piled fragmentary materials, in the course of their consolidation, 
develop lines of joint. Sometimes the lava has evidently risen in a state 
of extreme fluidity, and has at once filled the rents prepared for it, cool- 
ing rapidly on the outside as a true volcanic glass, but assuming a dis- 



Flj;. 42, —Dyke contorting beds of tuff. Cmtcr of Vesii\ iun (Abicb). 



tinctly crysUdline structure inside {ante, p. 236). Dykes of this kind, 
with a vitreous crust on their sides, may be seen on the crater-wall of 
Somma, and not uncommonly among basalt dykes in Iceland and Scotland. 

In other cases, the lava had probably already 
acquired a more viscous or even lithoid char- 
acter ere it rose in the fissure, and in this 
condition was able to push aside and even 
contort the straUi of tuff through which it 
made its way (Fig. 42). There cai\ be little 
Fig. 4a. -Section of Dvkos of iav.i doubt that in the architecture of a volcano, 
travtising Uio Intis „( :i beams and 

girders (big, 43), binding the loose tuns and 
intercalated lavas together, and .strengthening the cone against the effects 
of subsequent convulsions. 

From this point of view, an explanation suggests itself of the obser\ cd 

alternations in the character of a volcano’s eruptions. These alternations 

may depend in grciit measure upon the relation between the height of 
tlio cone, on the one hand, and the strength of its sides on the other, 
irhen the sides have been well braced together by interlacing dykes, and 
further thickened by the spread of volcanic materials all over their slopes, 
they may resi.st the oflects of c.xplosion and of the pressure of the ascend- 
ing lava-column. In this case, the volcano may find relief only from its 
summit ; and if the lava flows forth, it wdll do so from the top of the 
cone. As the cone increases in elevation, however, the pressure from 
within upon its sides augments. Eventually egress i.s once more estab- 


SECT, i § 2 


VOLGANW KXrhmiUJSS 




lished on the flanks by means of fissures, and a new series of lava- 
streams is poured out over the lower Blo|)e8 {jfostm, p. 3111), 

In the deeper portions of a volcanic vent the convulsive eftorts of the 
lava-column to force its way upward must often produce iaUnal as well 
as vertical rifts, and into these the molten material will rush, exerting as 
it goes an enormous upwanl pressure on the mass of rock overlying it. 
At a modern volaino these subterranean manifestations cannot bo seen, 
but among the volcanoes of Tertiary and older lime they have been 
revealed by the progress of denudation. Some of these older examples 
teach us the prodigious upheaving piover of the sheets of molten r(K*k in- 
truded between \olcanic or other strata. An account of this structuio 
(sills, laccolites), with reference to some examples of it, will l>e found in 
Ilook IV. Part VII. 

Though lava \ery commonly issues fiom the lateral fissures on a 
volcjinic cone, it may sometimes approach the surface in them with 
out actually flowing out. The great fissure on Ktna in IbO'.h for 
example, was visible even from a distance, by the long line of vivid 
light w'hioh ro.se from the incandescent lava within Again, it friMpiently 
hap))(;ns that minor volcanic cones are llirown up on the line of a fissure, 
either from the congelation of the lava round the- point of emission, or 
from I lie aecumulation of ejected scoriic round the lissure-vent. One of 
the most remarkahlc examples of this kind is that of the Laki fissure in 
Iceland, t<> which more s[)ecial reference is mad(‘ in the account of fissure- 
eruptions 3, n.). 

Explosions — Apart from the appearaiiee of viable fissures, volcanic 
energy may be, as it weie, concenliat('d on a given point, which will 
usually be tii(> \Neakest in the .stiuetuie of that part of tfu' terrestrial crust, 
and from which the solid rock, slgittcicd into pieces, is hurled into the 
air by tiu! enormous e\p.uisi\e enetgy ot the \<»hanie vapimrs § .'i, 

p, 353). This operation has often been obseive<i in volcanoes already 
formed, and lui.s even been witm“s.-ed on gioiuiil pieviou.sly unoccujiicd by 
a volcanic sent, 'flie history of the cone of Vesuvius brings before us 
a succession of such explosions, begmrnng with the eatahtroplu' of A.H. 
79, So stujiendous were the eflects of that, or jiossibly in part of an 
earlier ex[)b)sion, that the .southern half of the aneieiit crater was Iilown 
away, and even now', in sjiite of all the lav.i and ashes that have been 
poured out during the last eighteen centuries, the site of that crater 
remains unfilled up and still half-em ircled by its gigantic wall (Fig. 44). 
At every succes.sive important eruption, a similar but minor operation 
takes place within the present cone. The h.udened cake of lava forming 
the floor is burst open, and with it theie usually disappeais mueli of the 
upper part of the cone, and sometimes, as in a large segnimit of 

the cratiU'-wall. I'he great explosion at the beginning of our era was 
followed by alM)ut 1.500 years of eoni[>aiati\cdy lecblt* activity, when the 
volcano relapsed into the SolfaUiric pha.se or became even more (piiescent. 
In 1631 cainc another great explosion, which brought tlie long interval 
of quietude to an cm! and ushered in a peiioil of more or less continued 
activity, the Solfataric and Strombolian phases alternating, but varie<l 
VOL. I U 
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now and then by a more vigoroue (Plinian) display of explosive and 
eruptive energy. 

The Valle del Bove on the eastern flank of Etna is a chasm probably due mainly to 
some gigantic prehistoric explosion.^ The islands of .Santoriu (Figs. 64 and 65) bring 
before ua evidence of a prehistoric catastrophe of a similar nature, by which a large 
volcanic cone was blown up. The existing outer islands are a chain of fragments of the 
periphery of the cone, the centre of which is now occupied by the sea. In the year 1538 
a new volcano, Monte Nuovo, was formed in 24 boms on the margin of the Bay of 
Naples.* An opening was drilled by successive explosions, and such quantities of stones, 
scorije and ashes were thrown out from it as to form a hill that rose 489 English feet 
above the sen-level, and was more than a mile and a half in circumference. The larger 



Fi". -<4 - \lfw of VcsiiMiK fioiii till- siinlli, 
iii|{ the nMiminitiX |>ai t of tlir ol<l cnilci-walt of Soir.uut In liiixl 

j)art of the famous Lucriue Lake was filled up with tlie ejecUd nuitermK. .Most of the 
fragments now to be soon on the slopes of this cone and inside its beautifully perfect 
crater are of various volcanic rocks, many of them being black scoiuc; but pieces of 
Roman pottery, togetbei with fragments of the older underljing tuff, and some- maiine 
shells, have been obtained— doubtless part of the soil and subsoil dislocated and ejected 
during the explosions.* 

The most stupendous volcanic explosion on record was that of Krakatoa in the Simda 
Strait on the 26th and 27th of August 1883.^ After a series of convulsions, tlie greater 
portion of the island was blown out with a sncce-ssion of terrific detonations which were 
hoard more than 150 miles away, and the effect of which was to crack walls and 
windows in Batavia at a distance of 100 mile.s. A mass of matter, estimated at about IJ 

' ’Der Aetna,' p. 400. Such vast explosion-craters are termed (’iiMeias (p. 326). 

* Sir W, Haniilton's ‘Campi Phlegriei,’ p. 70; Lyell’s ‘Principles,’ i. p. 606. Oa 
the volcanoes of the phlkoraEan fields see Scrope’s ‘ Volcanoes,’ ))p. 179, 247, 249, 315 ; 
R. T. Giinther, Oeograph. Journ. Oct.-Nov. 1897 ; G. de Lorenzo aud C. Riva, “II cratere 
di Vivara," Atti Aflcud. ScL, Naples, x. (1900) ; G. de Lorenzo, “ Ojnsiderazioni dell’ engine 
superftclale del Vulcani,” i5u/. xi. (1902) ; a good bibliography of the district will be found 
In Dr. Johuston-Lavis’ ‘ Southern Italian Volcanoes.’ 

* There is a notice by C. de Stefani, “La villa di CMceroue etl uu fenomeno precursore 
all* eruzione ilel Monte Nuovo,” Atti Accatl. Lincfi, 3rd March 1901, p. 128, 

* See ‘The Eruption of Krakatoa,’ by a Committee of the Royal Society, 1 888, ‘ Krakatau,’ 
R. D. M. Verbeck, Batavia, 1887. 
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cubic mile in bulk, was hurlwl into the aiv in the form of ia}»iUi, hsIios, and the finest 
volcanic dust The effects of this volcanic ontbuisi were marked botli upon the atmo- 
sphere and the ocean. A aeries of harometueal distuih.inces passed lonnd the in 

opposite directions from the volcano at the rale td‘ about 700 miles an hmii. The air- 
wave, travelling from east to vest is snp|M)sed to ha\c passed thiee and a (juailei times 
round the earth (or 82, ‘JOO niilos) before it ceased to be jieiccj.tiliie.' The sea in the 
neigh l)onrliO(Kl was thrown into vaves. one of which was eonijiiitul to have risen more 
than 100 feet above tide-level, destioviiig towns, villages, ami ito.dSO jKjople. Oscilla- 
tious of the water were |>erceptihle even at Aden, .'iSOU g4 ogiaphical mih's distant ; at 
Port Kli/abetli in South Africa, ItiOO miles; and among the ishnids of the I’acilie Ocean ; 
and tlie\ aie < oinpnled to have travelled in mid oee.wi with a velocitv aveiaging fioin 100 
to 800 gcogiaphical nnle.s in the hour.- 

In the year 1880 the volcanic distiiet of New Zealand was tin- seenc of a siutden and 
violent ex[dosion. iTevimis to that tune tlie site had been known as one in ehieh the 
usual closing manifestations of volcanic eneigv weie di-plavcl. Hof springs hid built 
np a succession of geyserite teiiaces, and it seemed as if no Inithei oiu)>lioii need la* 
expected. But suddenly, after a few }neliimnarv slmeks, a teiiiiie explosion Jitok j'lace ; 
vast quantities of sand uiul ashes witli fiMgiiients ol loik weie hinted into tlie aii ; a 
chasm 2000 feet long, (iOO feet broad and 800 leei dvep w.is Idown out of tlie smitlieiu 
slopes of Mount Tarawera, and waspiolonged aeross the site of Lake Hotainnhanii, which 
Ui.sapjieaicd. Seven powerful gc\seis spi.uig up on this < liasin and huilvd their coliinina 
of boiling water, steam, stones and imtd to a heiglit of i,(H) oi m» 0 (<ei. Alter only 
about four hours tlifc iKiroxysm was at an eml, though vast volnim s of hUhiii eontinned to 
rise from the vents that had been opened, and tin' laiiy liKe teii.ms of gcjseiite were 
found to have been destroyed, their site being Imiied under mii'l and di^ltiis. No lava 
flowed out ; .steam appears to have been the gieal .igeiit in tlie explosom.-' 

Anothei stupendous dispUv of ixplosive eiiergv look place on l.stli .Inly 1888, at ilia 
doiinaiit voleano of Bandaisiiii in Noilliein .l-ipati, at vvhi -h no gieat emptions had 
occuired lor nime than ten (entniies in a sc.ison of calm wi-athci luinl luiiihhng noise* 
weie lust hennl, followed by a toleiablv Neveie e.ii tlnpi.ikf, soon alter vvineh a succession 
of l.'ioi 20 teiiilie explosions shook ilit gioiind, and sent .i v.ist (oliimn of sti'am and 
dust into the aii. A larg<* pail ol tin nnmni.nii was biokeii np and tlie tiagments were 
launched foiwaid as a vast deluge of locks ami e.jith. It was (omputeil that about 
2800 million tons ol material were thus displ.iei .1.'* 

It is not noce.ssiirv, und ujiparontly it seldom happens, tliat aii}^ liquid 
lava is erujrted l»y such stupcndou.s explo.sions that shatter the rocks 
through which the funnel passes, in none of the cases just cited i.s there 
any record of tlie outflow of molten rock. A similar fact is ohservablo 
among the volcanic vents of former geological iieriods. Thus, among the 
cones of the extinct volcanic tract of the Eifcl, some occur which consist 
entirely, or nearly so, of comminuted debris of the surrounding Devonian 
greywackc and slate through which the various volcanic vents have 
been opened (see pp. 326, 748), Evidently, in .such c.ises, only elastic 

Scott and Struchey, Prttc. lioy. Soc. xxxvl. (1888). Rvyal S(>cie/}/'s Hfyorf, p. 67. 

* Admiral Wharton, Jloj/al Soaety's Report, p. 89, Nature, xxxix. (1889), p. 303. 

® The eruption of Tarawera, New Zealand, In 1886, I* deacnljcd by Profewor A. P. W. 
Hioroas, ‘ Report on the Eruption of Tarawera,' publuhed by the Government in l688 ; aliio 
Profesaor Huiton’.s ‘ Report on the Tarawera Volcanic District,' Wellington, 1887 ; Q. J. 0, R. 
xliii. (1887), p. 178. . ' 

* S. Sekiya and Y. Kiknchi, ‘ llie Eruption of Baudaisati,’ Juurn. CW/, Sci. Imp. Vniv, 
Japan, vol. lii. part ii. (1889). 
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vapours forced their way to the surface ; and we see what probably often 
takes place in the early stages of a volcano’s history, though the fragments 
of the underlying disrupted rocks are in most instances buried and lost 
under the far more abundant subsequent volcanic materials. Sections of 
small ancient volcanic “necks” or pipes sometimes afford an excellent 
opportunity of observing that these orifices were originally opened by 
the blowing out of the solid crust and not by the formation of fissures. 
Examples will be cited in later fwiges from Scottish volcanic areas of Old 
Red Sandstone, Carboniferous and Permian age. The orifices are there 
filled with fragmentary materials, wherein pieces of the surrounding and 
underlying rocks form a noticeable projwrtion' (p. 750). 

A striking feature of volcanic explosions is their sudden and brief 
character. With little or no warning a communication is violently 
eflected between the heated interior of the globe and the atmosphere 
outside, half a moiintain is blown away or a now cone is thrown up, and 
after a few hours or days of activity the vent relapses again into a 
quiescence, which may once more last for centuries. The case of Monte 
Nuovo is full of suggestiveness in regard to the conditions under which 
volcanic vents may have been formed in jmst geological times. Hero was 
an instance of the drilling of a volcanic funnel and the piling up of a cone 
around it to a height of nearly 500 feet in the course of a single day. It 
is probable that many of the “ necks ” just referred to as marking the 
silos of Palaeozoic eruptions, are the records of equally sudden and 
transitory explosions. In such cases, we are perhaps presented with 
comparatively superficial effects of volcanic energy, due to the access of 
water to the magma within the crust and the consequent generation of 
superheated water- vapour, which eventually explodes, hut without pouring 
forth the molten rock at the surface. 

Showers of Dust and Stones. — A communication havijig been opened, 
either by fissuring or explosion, between the heated interior and the surface, 
fragmentary materials are commonly ejected from it, consisting at first 
mainly of the rocks through wdiich the orifice has been opened, afterwards 
of volcanic substances. In a great eruption, vast numbers of red-hot 
stones are shot up into the air, and fall back partly into the crater and 
partly on the outer slopes of the cone. According to Sir W. Hamilton, 
cinders were thrown % Vesuvius, during the eruption of 177.9, to a 
height of 10,000 feet. Instances are known where large stones, ejected 
oblifpioly, have described huge parabolic curves in the air, and fallen at 
a great distance.* Stones 8 lbs. in weight occur among the ashes which 
buried Pompeii. The volcano of Antuco in Chili is said to send stones 
flying to a distance of 36 (1) miles'; Cotopaxi is reported to have hurled 
a 20()-ton block 9 miles and the Japanese volcano, Asama, is said to 

* Trans. Roy. Soc. Edin. xxU. p. 458 ; Quart. Journ. iitol. Soc. (1892), President’s 
Addre,ss, pp. 86, 118, 135, 143, 153. 

For a calculation of the parahoK-i »U>scrihed by some of the stones projected from the 
crater of Vulcauo during the eruption of 1888-90, see G. Grablovitz in ' Le Enuioni dell’ 
Isola di Vulcauo,' p. 138. 

* D. Forlies, Oeot. Mag. vii. p. 320. 
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haVe ejected many blocks of stone, measuring from 40 to mure thati 1 00 
feet in diameter.^ 

But in many great eruptions, besides a constant shower of stones and 
scoria*, a vast column of exceedingly fine dust rises out of the crater, 
sometimes to a height of several miles, and then spreads outwards like 
a sheet of cloud. The remarkable fineness of this dust may l>e understood 
from the fact that during great volcanic explosions no boxes, watches, or 
close-fitting joints have been found to be able to cxclmle it. 

Mr. WhyinjM'r coHciicd some Uust that lell miles away from Cotopaxi, and 
whicli wa'< 80 tine that from 4000 to 25,000 partieles weie reipiired to wei|,;]» a ^lain.* 

So dense is the diist-elond as to ohscuie the sun, and lor days togctln r the darkness of 
night may reign foi miles around a vohano. In at Vesuvius, the ashes not 

only fell thickly on tlie villages round the base of the mountain, hnt iiavelled as lar as 
Ascoli, which IS 5G Italian miles di.stant fioni the volcano on one ''idc, ami as C.isatio, 
105 niile.s on the other. Tiie einjition of Cotopaxi, on 2hlh .Inue Ih/I, hogan h\ an 
e.xphision that sent up a coUimii of tine aslies to a prcKligions height into the air, where 
it rapidl\ sjircad out and formed .so dense a eanopy a.s to tlirow the legioii helow it into 
total darkness.'^ So (juiekly dul it diffuse it.sell, that in an houi and a half, a priniously 
bright inoining beeame at (,Muto, 33 miles dl.^tant, a dim twilight, wdiieh in tlu' aftei- 
noon passed into sueh darkness that the hand placed before the eye could not he seen. 

At (luajatpiil, on tlio eo.xst, 150 miles distant, the sliower of ashes continued till the 
1st of July. Dr. WoU eolleeled tiie ashes daily, and estimated that at that place tlieic 
fell 31.^ kilngramnie.s on ever) s.piatf kilometie during tin first thirty hours, and on 
the 30th ot .lime 200 kiloLnamnn.s ii twi-hi Inniis,^ Duiing a mueli less impdiliiiit 
eruption of the same monnt.un no tlic 3rd of .Inly l.ssO. the annnint of voleaine dust 
ejected, in cording to Mr. W nnijM-r, ronld not have been less, ami was prohahly vast!) 
more, than two iiiillioiis ot tons, cijiinalenl to a mass ot lava containing nioM« than 
150,000 cnlue feet.^ 

'rin- explosion of Krakatoi in August 1>‘S3 was aceompamed by the dnieharge of 
enormous (piaiitities ol \olcanie dust, some ot whn li wasiairied to vast distaiiees It 
w.as ostimated that the clouds of tine tliisl weie hurled from that volcano to a hciglit of 
17 miles, and the darkness whiih lliey caused (xtcndi-d foi 150 niiles fioin the focus of 
eruption. The dilfusion ami conlimied 8Us|ten8ion of the liner parlielcu of this dust 
in the upper air ha,s Iteeii regaided a.s the prolialdc cause of the leinarkaldy luilliant 
sunsets of the following winter and s]»iiiig over a large jiait of tlie chiIIi’s surface.* 
One of the most stujjeiidoufl oiitjamnugs of volcanic aslies on record look place, after a 
<iuie.scence of 2G years, from the volcano (’oscguina, in Nicaragua, during the early jwit 
of the year 1H35. On that oeea.sion, uttei daikne.s.s juevailed ovei a iiiele of 3.'j miles’ 
ladius, the ashes falling so thickly that, even 8 leagues from tiie monntain, they covered 
the ground t^J a depth of about 10 feet. It was estimateil that ihe lain of dust and ^ 

* J. Milne, SetJtin Soc. Japan, ix, p. ITU, where an ex«'ellent account of the volcanoes of 
JajTan is given. See also ‘The Volcauoe.s of Japan,' by J. -Milne and W. K. Burton (1892). 

Royal Sx'iety Re pint on Kiakafon, p. 183. 

® During tlie comparatively inKigmflcatit eruption of this volcano in 1880 Mr. Whymper 
noticed that a column ot mky blackness, formed doublleHs of volcanic dust, went straight 
up into the air with such velocity that m less than a iiimute it hatl risen 20,000 feet alme 
the rim of the crater, or 40,000 feet aljove the sea. ‘Travels amongst the Great Andes, 
p 322. 

* A>m«» Jahih. 1878, p. 141. An account of this eruption is given by Mr Whymjwr lu 
las ‘Travels amongst the Great Andes,’ chap. vl. 

‘ ‘Travels amongst the Great Andes,' p, 328. 

* Royal Society Report, pp. 151-468. 
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sand fell ovec an area at least 270 ^eograpliical miles in diameter. Some of the finer 
materials, thrown so high as to come within the influence of an upper air-current, were 
borne away eastward, and fell, fotir days afteiwards, at Kingston in Jamaica — a- 
distance of 700 miles. During the great eruption of Sumhasva, in 1815, the dust and 
stones fell over an area of nearly one million square miles, and were estimated by 
Zollinger to amount to fully fifty cubic mile.s of material, and by Juughuhn to be 
equal to one hundred and eighty-livo mountains like Vesuvius. Towards tho end of 
last century, during a time of great disturbance among the Japanese volcanoes, one of 
them, Sakurajima, threw out so much pumiceous material that it was po.ssiblo to walk 
a distance of 2.‘1 miles upon the (louting debus in tlie sea. 

An inipiiry into thn origin of these showers of fraginentary materials 
brings vividly before ns some of the essential features of volcanic action. 
We find that bombs, slags, and lapilli may be thrown up in comparatively 
tranquil states of a volcano, hut that the showeis of fine dust are dis- 
charged with gieuter violence, and oidy appear when the volcano becomes 
more energetic, 'rims, at the constantly, hut (juietly, active volcano of 
Strornboli, where the column of lava in tho pipe may lie watched rising 
and falling with a slow rhythmical movement, the surface of the 
lava swells up into hli.sters several feet in diameter, which by and by 
burst with a sharp e.xplosiou that makes the walls of thi; crater vibrate. 
A cloud of steam rushes out, carry itig with it hundreds of fragments of 
the glowing lava, sometimes to a height of 1200 feet. It is by the a.scent 
of steam tlirough its mass, that a column of la\a is kept lioiling at the 
bottom of tho crater ; and by the explosion of successive larger bubbles of 
steam, that the various bombs, slags, and fVagments of lava are torn off 
and tossed into the air. It has often been noticed at Vesuvius that each 
great concussion is accompanied by a huge liall-like cloud of steam which 
rushes up from the crater. Ifoubtless it is the sudden escape of that 
steam which causes the exjilosion. 

Differences m the amount of aiisorhcd gases and vapours ami also 
varying degrees of liipiidity or viscosity m the lava pi'ohahly affect the 
force of explosions. Minor explosions and accompaiD'ing scoria^ are, 
abundant at Vesuvius, where the lavas arc comparatively viscid ; they 
arc almost unknown at Kilauea, wdicre the lava is remarkably liipiid. 

Ill trarujiiil conditions of a volcano, the steam, whether collecting into 
larger or smaller ve.sicles, works its way upward through tho substance 
of the molten lava ; and as the elasticity of this compressed vajiour over- 
comes the pressure of the overlying lava, it escapes at the surface, and 
there the lava is thus kept in ebullition. But this comparatively quiet 
operation, which may be w^atched within the craters of many active 
volcanoes, does not produce clouds of fine dust, 'fhe collision or friction 
of millions of stones ascending and descending in tho dark column above 
the crater doubtless gives rise to much dust and sand. But tho explosive 
action of steam is probably the main cause of the production of these 
materials. The aqueous vapour or water gas which is so largely dissolved 
in many lavas must exist within the lava-column, under an enormous 
pressure, at a temperature far above its critical point (p. 267), even at a 
white heat, and therefore probably in a state of dissociation. The sudden 
ascent of lava so constituted relieves the pressure rapidly without sensibly 
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affecting the temperature of the mass. C'on>equonily, the M-hittvhot ganca 
or vapours at length explode, and reduce the molten nnuss to the finest 
powder, like water shot out of a gun.^ 

Evidently no part of the ojuirations of a volcano has greatei’ geological 
significance than the ejection of such enormous quantities of fragmentary 
matter. In the first place, the fall of these loo.se materials rouml the 
orifice of discharge is one main cause of the growth of the volcanic cone. 
The heavier fragments gather around the vent, and there too the thickest 
accumulation of dust and sand takes place. Hence, though .successive 
explosions may blow out the upper jmrt of the ciater walls and prewnt 
the mountain from growing so rapidly in height, every eruption will 
increase the diameter of the cone, save in the occasional gigantic explo- 
sions, when half of a volcano may be blown away. In the second place, 
ivs o\erv shower of dust and saml adds to the height of the ground on 
which it falls, thick \oleanie aecurnulations may lu* forme<l far beumd 
the luise of the mountain. 'Phe volcatio of Sangay, in Kcuador, for in- 
stance, is said to have buried the eountiy around to ti <lepth of U)00 b-et 
under its aslie.s.'-^ In such loo.se <lepohi(s arc entombed trees and otlu'r 
kinds of vegetation. togetluT with the bodies of animals, as well as the 
woiK's of matt. Sueli deposits not only liear witness to the volcanic 
enqitioiis that pioduc(*d them, but prcscr\e a r<‘eoid of the land-surfaeea 
over which they spicad. In the third ]»Iaee, l^esides the distance to 
which the fiagmenls may be hurled liy \olcanic explo-sions, or to which 
they may be dilbised by the, ordinary surface winds, we have to take 
into account the vast spaces across which the finer liust is sometimes 
borne by ujtjier air-enrrents 

In the uistaii' c alicarly ( ilcd, ashes from ('os»gnnia fell 700 miles aw.ay, having hern 
cariieil all that long dihlance hy a high counter eunent of air, moving apparently at 
the rate of about sevm imlo an houi in an opposite direction to lliat of the wind 
which blew at the .siuf'.i'’e Hy the Snmhawa einption, also r«>fi;rred to above, the 
sea we.st of Siunatia wa.s coveied with a Inym of ashes two bet thick. On seveial 
oeeasions ashes from helaiidic \ohaiiocs have falhui .so thukly lM*twcen the Oikliey and 
Shetland Islands, that vcssids [lassing thcie have had the unwonted deposit shovelled 
oil tlieir decks in the nioriiitig. In the yeai 17SM, during the memorahlc eiuption of 
Skaptar-Joknll, so vast an amount of tine dust was ejecteil that the atmosphere over 
Ireland (’(ftitirmed lo;ulcd with it for months altci wards. It fell in such (juiuitities over 
imrts of Caitlu)es.s— a distanee of 000 miles- -as to destroy the crops ; that year ia still 
spoken of by the inhabitants as the ye.ar of “ the ashie ” A similar ile|)osit has from 
time to time fallen in Norway, and even as far as Holland. ’ Henee it is evident that 
volcanic accumulations may take place in regions many li.uidieds of mill's distant from 
any active volcano. A single thin layer of volcanic detritus in a group ol aodinicntaiy 
strata would not thus of itself piove the existence of mntcmpor.uieous vohanic action in 

' Messrs. Murray and ileiiard {1‘ror. Hoy. Snc. hdm. xii. p. 480) concluded tliat 

the fragmentary condition and the fresh fmcluies of the duHt-i*artieles of the Krakalna 
eruption were due to a tension phenomenon, winch affects these vitieous matters ni a tnauner 
analogous to what is olvserved in “Rupert's drops." 

’ D. Forbes, Gfol. Maij. vii, p. 320. 

* Nordensklold, (ieol. Mag. (2), iii. p. 292. G, vom Hath, Monatsh, K. Preurni. Akad. 
Witt. 1876, j), 282. Neiift Jahrh, 1876, p, 52 ; and potim, p. 445. 
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its noighbourhooil. Failiiig other ]»roof of adjacent volcanic activity, it might have 
been wind -borne from a volcano in a distant region. 

Outflow of Lava. — This appears to be immediately due to the expan- 
sion of the absorbed vapours and gases in the molten rock. Though, under 
the conditions which lead to great volcanic explosions, these vapours may 
reach the surface, without an actual outcome of lava, yet so intimately 
are vapours and lava commingled in the subterranean reservoirs, that in 
the normal j)lin8e of continued volcanic activity they commonly rise 



Fig. 4.'> -Alow of lioiirtfs gill r iiih'IciI RH'I jurUy tlonmlisliod li\ flu l.a\aol Vcsuuu'., 1872 

together, ami the explosions of the one lead to the outHow of the other. 
The first point at whicli the lava makes its appearance at the surface 
will largely depend upon the structure of the ground. Two causes have 
been assigned on a foregoing page (p. 286) for the fissuring of a volcanic 
cone. As the molten mass rises within the chimney of the volcano, 
continued explosions of vapour take place from its upper surface. The 
violence of these may bo inferred from the vast clouds of steam, ashes, 
and stones hurled to so great a height into the air, and from the con- 
cussions of the ground, which may be felt at distances of more than 
100 miles from the volcano. It need not be a matter of surjirise, there- 
fore, that the sides of a great vent, exposed to shocks of such intensity, 
should at last give way, and that large divergent fissures should be opened 
down the cone. Again, the hydrostatic pressure of the column of lava 
must, at a depth of 1000 feet below the top of the column, exert a pres- 
sure of between 70 and 80 tons on each square foot of the surrounding 
walls (p. 286). We may well believe that suca a force, acting upon the 
walls of a funnel already shattere<l by a succession of terrific explosions, 
may prove too great for their resistance. When this happens, the lava 
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pours forth from the outside of the cone. On a much-fissured cone, lava 
may issue freely from many points, so that a volcano so afl'ceted has been 
graphically described as “sweating fire.” 

In a lofty volcano, lava occasionally rises to the lip of the crater and 
flows out there ; but more fret|uently it escapes from some fi.ssurc or ori- 
fice in a weak part of the cone. In minor volcanoes, on the other hand, 
where the explosions are less violent, and where the thickness of the 
cone in proportion to the diameter of the funnel is often greater, the 
lava very commonly rises into tlie crater. Slumid the crater-walls l)e 
too weak to resist the pressure of the molten mass, tiiey give way, and 
the lava rushes out from the breach. This is seen to have happened in 



Fik’ 40 of iiiK of Hk' T oir-i'onf', Ilf l.io’rtiMMlown oil oio' solo liy tin i.(,i|irofii 

of l.it\a ( Ml* r Soropt* ) 

several of the puys of Auvergne, .so well fignreil and (Ic.scrihctl by Scropc 
(Kig. 46). Hut if the crater be massive enough to withstand the jircssure, 
the lava may at last How out from the lowest part of the rim. 

In a tall column of molten lava, th'*rc may ho a variation in the 
density of its different parts, the heaviest nainraliy gravitating to the 
bottom. It has been observed by Ch. V*dain that at the l.sle of HoiiiImui 
(Reunion), the lavas escaping from the ha.se of the v*)leanic cone are 
denser and more bn.sic than those which flow out from the lip of the 
crater.^ 

As soon as the molten rock reaches the surface, the superheated w ater- 
vapour or gas, dissolved within its mass, escapes copiously, and hangs as a 
dense white cloud over the moving current. The lava-streams (tf Vc'.HUvius 
sometimes appear with as dense a steam cloud at their lower ends as that 
which escapes at the same time from the main crater. Hven after the 
molten mass has flowed several miles, steam continues to rise abundantly 
both from its end and from nunieroiis pfunts along its surface, and 
continues to do so for many weeks, months, or it may be for several 
years. 

Should the point of escape of a lava-stream lie w(dl dowm on the cone, 
far below the summit of the lava-column in the funnel, the molten rock, 

* * Le» VoIcaiiR,’ ji. 36. For refer^new relating to thin island, m- [i. 323. 
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on its first escape, driven by hydrostatic pressure, will sometimes spout 
up high into the air — a fountain of molten rock. This was observ^ in 
1794 on Vesuvius, and in 1832 on Etna. In the eruption of 1852 at 
Mauna Loa, an unbroken fountain of lava, from 200 to 700 feet in height 
and 1000 feet broad, burst out at the base of the cone. Similar “ geysers ” 
of molten rock have subsequently been ncfticed in the same region. Thus 
in March and April 1868, four fiery fountains, throwing lava to heights 
varying from 500 to loOO feet, continued to play for several weeks. 
According to Mr. Coan, such outbursts take place from the bottom of a 
column of lava 3000 feet high. The volcano of Mauna Loa strikingly 
illustrates another feature of volcanic dynamics in the position and out- 
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rtow of lava. It bears upon its flanks at a distance of 20 miles, but 
10,000 feet lower, the huge crater Kilauea. As Dana has pointed out, 
these orifices form part (d one mountain, yet the column of lava stands 
10,000 feet higher in one condiiit than in the other. On a far smaller 
scale the same independence occurs among the several pipes of some of 
the geysers in the Yellowstone region of North America. 

From the wide extent of basalt-dykes, such as those of Tertiary age 
in Britain, which rise to the surface at a distance of 200 miles from the 
main remnants of the volcanic outbursts of their time, and are found over 
an area of perhaps 100,000 square miles, it is evident that molten lava 
may sometimes occupy a far greater sj)ace within the crust than might be 
inferred from the dimensions and outpourings even of the largest volcanic 
cone. There can be no doul)t that vast reservoirs of melted rock, impreg- 
nated with superheated vapours, must formerly have existed, if they do 
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not exist still, beneath extensive tracts of country (p. 744). Yet even 
in these more stupendous manifestations of volcanism, the lava should be 
regarded rather as the sign than as the cause of volcaruc action. It is 
doubtless tiie pressure of the imprisoned vapour, and its struggles to got 
free, which produce the subterranean eiirthquakes and the explosions from 
the vents. As soon as the vapoiir finds relief, the terrestrial commotion 
calms down again, until another accumulation of \a})our demands a 
repetition of the same phenomena. 

At its exit from the side of a volcano, lava glows with a white heat, 
and flows with a motion which has been comjiared to that of honey or 
of melted iron. It soon becomes red, and, like a coal fallen from a hot 
fireplace, rapidly grows dull as it moves along, until it assumes a black, 
cindery aspect. At the same time the, surface congeals, and somi becomes 
solid enough to 8up|)ort a heavy block of stone. The aspect of the 
stream varies with the composition and fiiiidity of the lava, iorm of the 
ground, angle of slope, and rapidity of flow. Viscous lavas, like those 
of Vesuvius, break up along the surface into rough iirown or lilack 
cinder-like slags and irregular ragged cakes, bristling with jagged jioints 
(“aa which, in their onw^ard mothm, grind and grate against each 
other with a harsh metallic sound, soim'times rising into rugged mounds 
or becoming seamed with rents ami gashes, at the bottom of which the 
red-hot glowing lava may he seen (Kig 47). In lavas possessing some- 
what greater fluidity, the surface presents froth like, curving lines, as in 
the scum of a slowly flow'ing river, or is arranged in curious ropy folds, 
as the layers have succes-sively flowed over each otlier and cong(‘aled 

pnhoihiw " These and many other fantastic coiletl shapes were 
exhibited by the Vesiivian lava of 1858, and are admirably displayed 
I»y the peculiarly lifjuid glassv lavas of Kilauca.’ Acid and viscotis lava 
streams flow for cornparativelv shoit <lislanccs and do not spread out 
widely ; they may even come to a stop on a steep slope like the oltsidiari 
on tlie north side of Vulcano. On the other hand, basic lavas, such as 
basalts, possessing much greater liquidity, have sometimes flowed for 
great distances and deluged vast tracts of country, A large area which 
has been flooded with lava is perhaps the most hideous and a})palling 
scene of desolation anywhere to he found on the surface of the globe, 

A lava stream usually spreads out as it descends from its jioint of 
escape, and moves more slowly. Its sides look like huge embankments, 
or like some of the long mounds of “clinkers” in a great manufacturing 
district. The advancing end is often much steejier, creeping onw-ard like 
a great wall or rampart, down the face of whicli the rougfi blocks of 
hardened lava are ever rattling (Fig 45). 

‘ For ilescriptions of Vesuvinn lava-streaiim, the various inemoirs aii<l works 
ante, p. 267. For those of Etna, Sartorms von \N’ttlt«’rhhaos«'H nnU A. \oii La^aulx, ‘I)it 
A etna,’ ii, j). 390. The nig)(e<l scoriaceoiis lava-surfaces are known in Hawaii .v* (/«, the 
amooth coiled and ropy surfaces are there called jMthofh/tr. Dana, * t'haracteristii;* ol 
Volcanoes,’ p, 9. The same stream of lava may exhibit lioth these- aaiM-i tH m different parts 
of its course. Ibul. p. 209, and Dr, Johnston- La vis’ piapers on Vesuviu.s, already cited, 

p. 267. 
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Rate of flow of Lava. — The rate of movement is regulated by 
the fluidity of the lava, by its volume, and by the form and inclination 
of the ground. Hence, as a rule, a lava-stream moves faster at first than 
afterwards, because it has not had time to stiffen, and its slope of descent 
is usually steeper than farther down the mountain. One of the most 
fluid and swiftly flowing lava-streams ever observed on Vesuvius was 
that erupted on 12th August 1805. It is said to have rushed down a 
space of 3 Itiilian (3§ English) miles in the fir.st four minutes, but to 
have widened out and moved more slowly as it descended, yet finally to 
have reached Torre del Greco in three hours. A lava erupted by Mauna 
Loa in 1852 wont as fast as an onlinary stage-coach, or fifteen miles in 
two hours ; but some of the lavas from that mountain have in parts of 
their course moved with double that rapidity. Long after a current has 
been deeply crusted over with slags and rough slabs of lava, it may con- 
tinue to creep slowly forward for weeks or even months. Thus the lava 
which began to flow from the aide of Vesuvius on .3rd July 1895 was 
still moving four years afterwards, and had piled up a hill of black rock 
about 400 feet high. 

It happens sometimes that, as the lava moves along, the still molten 
mass inside bursts through the outer hardened and deeply seamed crust, 
and rushes out with, at first, a motion much more rapid tlian that of the 
main stream. Any sudden change in the form or slope of the ground 
aftccts the flow of the lava. Thus, reaching the edge of a steep defile 
or cliff, it pours over in a cataract of glowing, molOm rock, with 
clouds of steam, showers of fragments, and a noise utterly undescrib- 
able. Or, on the other hand, encountering a ridge or hill across its 
path, it accumulates until it either finds egress round the side or actually 
overrides and entombs the obstaelo. The hardened o ust or shell, \^ithin 
which the still fluid lava moves, serves to keep the mass from spreading. 
Here and there, inside this thickening crust, the lava subsides, when it 
can find egress lower down, leaving cavernous spaces and tunnels into 
wliich, when the whole is cold, one may enter, and which are sometimes 
festooned with stalactites of lava (p. 307). 

Size of Lava-streams. — In some cases, lava escaping from craters 
or fissures comes to rest before reaching the base of the slopes, like the 
obsidian current, already referred to, which has congealed on the side of 
the cone of the island of Volcano.^ In other instances, the molten rock 
not only reaches the plains but flows for many miles away from the 
point of eruption. Siirtorius von Waltershausen computed the lava 
emitted by Etna in 1865 at 92 millions of cubic metres, that of 1852 at 
420 millions, that of 1669 at 980 millions, and that of a pre-historic lava- 
stream near Randazzo at more than 1000 millions.'^ The Most stupendous 
outpouring of lava on record was that which took place near the Skapta 
Jbkull in Iceland in the year 1783. Successive streams issued from the 
Laki fissure about 12 miles long, filling up river-gorges which were some- 

* Heciiiit eruptions in this i.sland have consisted entirely of ashes and stonas, A. Baltzer, 
Z.' D. 0. 0. xxvi. (18751, p. 36, and the other papers already cited, p. 276. 

* ' Dn- Aetna,' ii. p. 398. 
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times 600 feet deep and 200 feet broad, and advancing into the alluvial 
plains in lakes of molten rock 12 to 15 miles wide. Two currents «>f 
lava which, filling up the valley of the Skapta, escaped in nearly opposite 
directions, extended for about 28 and 50 miles re8j)ectively.* 

Varying liquidity of Lava.— All lava, at the time of its expulsion, 
is in a molten condition. It usually consists of a glassy magma in which, 
by reason of the high temperature, most or even all of the mineral con- 
stituents are at first dissolved. As already remarked, however, considerable 
differences have been observed in the degree of liquidity, and consequently 
in the form and extent, of the outflows. Humboldt and Scrope long ago 
called attention to the thick, short, lumpy forms presented by masses of 
solidified tracliytic rocks, which are lighter, more siliceous and more 
viscous, and to the thin, widely extended sheets as.^umed by basalts, 
which are heavy, contain much iron and basic silicates aiul have a greater 
liquidity.- The cause of this difference has been variously exj)lained. 
It may depend partly iqion chemical composition, the siliceous being 
naturally less fusible than the basic locks Hut as great dill'ei cnees of 
fluidity are observabh‘ even among lava.'i having nearly the same composi- 
tion, there would seem to be soim* further cause for the diversity. Scrojie, 
a.s far hack as 1825, stated his helief that the Inpiidity of lava was to be 
traced to the presence of watt'r-vaptmr in the magma’* Heyer, following 
this line of reasoning, has likew-ise maintained that we must h>ok to 
original differences in the extent to which the suhterranean igneous 
magma that supplied the lava has been satiii.-ited with vajiours and gases. 
Molten rock highly impiegnated gi\''s rise, he holds, to frugmenUry 
discharges, wliile when feebly impregnated it Hows out tranquilly* On 
the other hand, ('aptain ('. L. Dutton, who h.i.s studied the voleanio 
phenomena of W'estern America and Hawaii, suggests that the different 
degrees of liquidity may depend not only <»n chemical differences, hut on 
variations of temperature. He supposes that the basaltic lavas which 
have spread so f.ir in thin sheet-', and whieh iiiuhI have had a com- 
paratively great liquidity, flowed at tenipeiaturi's far above that of their 
melting-point, and were, to use his phrase, “superfused,”’'* 

The varying degrees of liquidity are manifested in a oharacteristio 
way on the surface of lava. Thus, in the great lava pools of Hawaii, the 
rock exhibits a remarkable liquidity, throwing up fountains of molten 
rock to a height of 3()0 feet or more. Dining its ebullition in the crater- 
pools, jets and driblets, a quarter of an im h in diameter, are tossed up, 
and, falling back on one another, make “aeolunin of hardened tears of 
lava," one of which (Fig, 48) was found to have attained a height of 
40 feet, while in other places the jets thrown uji and blown aside by the 
wind give rise to long threads of gla.ss which lie thickly together like 
mown grass, and are know n by the natives under the rrarne of “ Pole’s 

* This eruptKtn is lurllar imiiud ,it j». 1142. 

Scrope, ‘ Coubideratioiis ol Voh aiioc-i ' p. 93. 

* Jbid. p 

* ‘Beitrag lur Physik rler Eruptioncii,’ p. 77. 

* ‘ Uigli Plateaux of Utah,’ Oeotj. awi (kd. Sur. Tcmlurirg. Wa.'^hnigtoii (1880), chaji, v. 
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hair,” after one of Iheir divinities.' Yet although the ebullition is 
caused by the uprise and escape of highly heated vapours, there is no 
cloud over the boiling lake itself, heavy 
white vapour only escaping at different 
points along the edge. 

On the other hand, the lavas of Vesuvius 
and of most modern volcanoes, which issue 
so saturated with vapour as to be nearly 
concealed from view in a cloud of steam, are 
accompanied by abundant explosions of frag- 
mentary materials. Slags and clinkers, torn 
by explosions of steam from the molten rock, 
are strewn abundantly over the cone, while the 
Surface of the lava is likewise rugged with 
jetH of liiiuia 1 -a.a, Crater of similar clinkcrs, which may now and then be 
Kiiaum (Dana). observed piled up round some more energetic 

steam-spiracle. Sometimes the vapour forces up the lava round such a 
spiracle or fumarole and gradually piles up a rugged column several feet 
or yards in height, as has been observed on Vesuvius - (Figs. 47, 49). 
So vast an amotuit of steam rushes out from one of these orifice.s, and 
with such boiling and explosion, that the cone of bombs, slags, and 
irregular lumps of lava forms a miniature or parasitic volcano, which 
will remain as a marked cone on its parent mountain long after the 
eruption which gave it birth has ceased. The lava of the eruption at 
Santorin in 1806-G7 at first M'elled out tranquilly, but after a few days 
its outflow was accompanied by explosions and di.scharge.s of incandescent 
fragments, which increased until they had covered the lava dome with 
ejected scoria}, and hud opened a number of crateriform mouths on 
its summit.^ 

There can be no doubt, as above remarked, that the condition of 
liquidity of the lava has in some measure determined the character of the 
eruptions. In one ease, there are quiet out-wellings of the more liquid 
lavas, as at Hawaii; in another, there are explosive discharges and 
cinder-cones accompanying the more viscid lavas, as at most modern 
volcanoes. The former hjis been the condition favourable to the most 
colossal outpourings of molten rock, as we see in the basalt-plateaux of 
Britain, Faroe, Iceland, Greenland, Idaho and Oregon, the Ghauts, 
Abyssinia, Ac. This subject is again referred to at p. 342. 

Crystallisation of Lava. — Pouring forth with a liquidity like that 
of molten iron, lava speedily iissumes a more viscous condition and a 
slower motion. Obsidian and other vitreous rocks have consolidated as 
glass : yet that they did not flow with groat liquidity is indicated by 

' Dana, Oe^)l. U. S. ExpUtr. ExpeiLy "Geology,” p. 179 ; ‘ t'haracteristirs of Volcanoes,’ 
p. 160. “ Pole’s hair” i-s sometiines carried by wind from the summit of Manua Loa to 

Hilo, a distance of 85 miles. Auier. Jtmm. Sci. xxxvi. (1888), j). 83. 

* Some good examples were observed on this mountain in the summer of 1891 by Dr. 
Johnston-LavuH, J5nf. Asm. 1891, Sect. C, where figures of some of them are given. 

* Fouqu^, ‘Santorin,’ p. xv. 
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such facts as the arrest of the obsidian stream half-way down the steep 
northern slope of Vulcano. Even in such perfect natural glass as obsidian, 
microscopic crystallites and crystals are usiuilly present, and in prodigious 
numbers (pp. 148, 213). In most lavas, devitrification has })roceeded so 
far before the final stittening, that the original glassy nwgma 1ms jwissod 
into a more or less completely lithoid or cry sul line mass. 



Fig 4s* — Ijivs^coliuiin (eight high), Vi (Ahi< h) 


That lava may p( 3 SseB.s an appieciahly crystalline stiuctnic; while still 
in motion, has often lieen proved at Vesuvius, where well-defined erysUls 
of the infusible leueite may be observed in a molten magma of the other 
mincnils, portions of the white-hot rock in this condition being ladled out, 
impressed with a stamp and suddenly congealed. The fluxion-slructuro 
above described (p. 153) furnishes inteiebting evidimcc of this fact in 
many ancient as well as modem lavas. 

There is reason to believe that in the molten magma, before its outflow 
as lava, considerable progress may lie nuwle within the volcano in the 
development of some crystalline minerals out of the surrounding glass, 
and that this crystalline fwrtion may 1 m 3 to some extent sejiarated from 
the vitreous residue. Hence, where this sejiaration has taken place, 
subsequent eruptions may give rise to a »ore crystalline and probably 
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more basic lava from one point of emission and a more glassy and prob- 
ably more acid lava from another vent. Or we may conceive that the 
two portions of the magma may be subsequently mingled again in various 
proportions before eruption.^ If the process of differentiation should 
continue, as seems natural, during the lapse of a whole cycle of a volcano’s 
history, the earlier lavas would be more basic than the later. 

The crystalline structure of lava has been supjwsed to be in some 
measure determined by the presence of the volcanic vapours and gases 
with which the molten rock is impregnated, the rapid escape of these 
vapours preventing the formation of the crystalline structure, and leaving 
the lava in the condition of a more or less perfect glass. But the experi- 
ments of MM. Fouque and Michel-L^vy {poatm, p. 404) have shown 
that rocks, having in every essential particular the characters of volcanic 
lavas, may be artificially produced under ordinary atmospheric pressure by 
simple dry fusion. There appears to be no doubt that the presence of 
water lowers the fusion-point of silicates, though what precise influence the 
dissolved vapours exert upon the ultimate consolidation of molten lava has 
yet to be ascertained (see p. 413). Difference in the rate of cooling has 
doubtless been an imi>ortant, if not the main, factor in determining the 
various conditions of texture of lava-streams. The crystalline structure 
may bo expected to be most perfect where, as within thick masses of rock, 
the cooling has been prolonged, and where, consequently, the crystals have 
had ample time and opportunity for their formation. On the other 
hand, the glassy structure may be expected to be specially shown where 
the cooling has been most rapid, as in tlu! vitreous crust on the walls of 
dykes ali-eady referred to (pp. 236, 288). As has been ascertained from 
the examination of ancient volcanoes which have been dissected by 
denudation, rocks crystallising in the deeper parts of a volcanic vent 
usually possess a more coarsely crystalline structure than those which 
crystallise at or near to the surface (p. 721). 

Temperature of Lava. — It would be of the highest interest and 
importance to know accurately the temperature at which a lava stream 
first issues. Measurements not altogether satisfactory have been taken 
at various distances below the point of emission, where the moving lava 
could be safely approached. Experiments made at Vesuvius by Scacchi 
and Sainte-Clairo Deville in 1805, by thrusting thin wir'es of silver, iron 
and copper into the lava, indicated a temperature of scarcely 700° C. 
(1228° ftdir.). Observations of a similar kind, made in 1819, when a 
silver wire diameter at once melted in the Vesuvian lava of 

that year, gave a greatly higher temperature, the melting-point of silver 
being about 1800° Fahr. But copper wire has also been melted, the point 
of fusion of this metsil being about 2204" Fahr. Evidence of the high 
temperature of lava has likewise been adduced from the alteration it has 
effected upon refractory substances in its progress, as where, at Torre del 

^ Compare tlie ob.servution of Ch, Veluiu cited anff, p. 297, and Judd, G&tl. Mag. 1888, 
p. 1. The Mubject of dlllereutiation in molten magmas Will be more conveniently discussed in 
Hook IV\ Part VII, Sect, i., where the evidence reganling it furnish^ by bosses, sills, and 
dykos is under consideration ; but ste also posted, pp. 404-407. 
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Greco, it overflowed the houses, and was afterwards found to have fused 
the fine edges of flints, to have decomposed brass into its component 
metals, the copper actually crystallising, and to have melted silver, and 
even sublimed it into 8m;Ul octahedral crystals (p. 309). The lava of 
Santorin has caught up pieces of limestone, and has formed out of them 
nodules containing crystallisetl anorthite, augite, spheno, black garnet, 
and particularly wolbistonite.^ The initial temperature of lava, as it first 
issues from the Vesuvian funnel, is probably considerably more than 
‘2000 Fahr. Obviously the dissolved water (or water-substance, for, as 
already remarked, the temperature is far above the critical point of water, 
and its component gases may exist dissociated) must possess as high a 
temperature as that of the white-hot lava in which it is contained. The 
existence of the elements of water at a white heat, even in nKks which 
have reached the surface, is a fact of no little significance in the theoretical 
consideration of hypogeno action. 

Inclination and thickness of Lava-Hows. — It wim at one time 
supposed that lava could not consolidate in beds on such steep slopes as 
those of most volcanoes. Hence arose the “ elevation-crater theory 
(described at p. 320), in which the inclined position of lavas round a vol- 
canic vent was explained by uphwival after their emission. Observations 
all over the world, however, have now demonstrated that lava, with all 
its characteristic featiires, can consolidate on slopes of even 35“ and 40 .■* 
The lava in the Hawaiian Islands has cooled rapidly on sloj)C8 of 25“ ; that 
from Vesuvius, in 1855, is here and there as steep a.s 30 ; while the older 
lavas in Monte Somma are sometimes inclined at 45 ’. On the east side 
of Etna, a caiA'ade of lava, which in 1G89 poured into the vast hollow of 
the Cava Giande, has an incliruition vai-ying from 18' to 48‘, with an 
average thickness of 16 feet. On Mauna Loa some lava-flows are said to 
have congealed on slope.s of 49', 60 , and even 90 though in these 
cases it could only l)e a layer of rock, stiffening and adhering to the surface 
of the precipice. On the other hand, la\ a-fetreain.s have travelled consider- 
able distances over ground that to the eye looks quite level. Among the 
Hawaiian Islands a declivity of 1 or less has been quite sufficient for the 
flow of the extremely lujuid and mobile lavas of that region. In the 
great lava-fields of the Snake River region of the Western Territories of 
the United States, the basalts, which must also have been extremely li<juid, 
have flowed over slopes of much less than The breadth and length 
of a lava-stream, as well as the form of its surface, depend mainly upon 
the liquidity of the molten material at the time of outflow. Even when 
it consolidates on a steep slope, a stream of lava forms a sheet with prallel 
up|)er and under surfaces, a general uniformity of thickness, and often 
greater evenness of surface, than u'here the angle of descent is low. Tlie 
thickness varies indefinitely ; many basalts which have been poured out in 
a remarkably liquid condition have solidified in beds not more than 10 

' Fouqu^, ‘Sautonii,’ p 206. 

* Ljell on the coneoUdatiou of lava on steep slo|)et, I'/u/. Trans. 1858. 

•' J. D. Dana, Avur, Jour. Hci. xxxv. (1686), p 32. 

* J. D. Dana, ‘ Characteri«tic(> of Volcaiioei,’ p 12. 
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or 1 2 feet thick. On the other hand, more pasty lavas, and lavas which 
liave flowed into narrow valleys, may be piled up in solid masses to a 
thickness of several hundred feet (p[x 301, 308). 

Structure of a Lava-stream. — Lava-streams are sometimes nearly 
homogeneous throughout. In general, however, they each show three 
component layers. At the bottom lies a rough, slaggy mass, produced by 
the rapid cooling of the lava, and the breaking up and continued onward 
motion of the scoriforiu layer. The central and main portion of the 
stream consists of solid lava, often, however, with a more or less carious 
and vesicular texture. The upper part, as we have seen, may be a mass 
of rough broken-up slabs, scorise, or clinkers. The proportions borne by 
these respective layers to each other vary continually. Some of the more 
fluid ropy lavas of Vesuvius have an inconstant and thin slaggy crust ; 
others may be said to consist of little else tlian scoriie from top to 
bottom. Throughout the whole mass of a lava-current, hut more 
especially along its upper surface, the absorbed or dissolved water-vapour 
expands with diminution of pressure, and, pushing the molten rock aside, 

segregates into small bubbles or 
irregular cavities, Hence, when 
the lava solidifies, these steam- 
Iiole.s are seen to be sometimes so 
abundant that a detached portion 
of the rock containing them will 

Fig. 234^ 2U). 

They are often elongated in the 
direction of the motion of the lava-.stream (Fig. bU). Sometimes, indeed, 
where the cells are numerous, their ehmgation in one direction gives a 
fissile structure to the rock. 



Some lavas, botli acid and basic, a.S'.ume coluiiiiiar form'' iii coolinj' The rhyolites 
of the Vello\v.stone National Paik lueseiit this .struotuio in a rn.nked dcgiee. The 
same charaoteristic is so common among Im.salts as to li.nt- niudo the teim “basaltic" 
a popular synonym for “columnar.” The coUimns (H\eig<* fiuni the cooling 8nrface.s ; 
anda.s these are usually the top and bottom of a .sheet, the (oliimns are vertical whete 
the sheet is hori/ontal and inclined wheie the sheet ha.s flowed down a slojie. In thick 
sheets and among basalts that apparently have [Kissessod considerable mobility, the 
columns may be oWrved to be not infrequently curved and e\en undulating in form, and 
to be arranged in curiously irrognlar, sometimes fan-shaped group.s, which start from 
different planes. To some of these forms of jointing moie particular leference will be 
made in Hook IV. Part II. • 

Another structure which has now been oliserved iii many ancient and some modern 
lavas, especially those of more or less basic composition, consi.sts in an aggiegation of 
elliiisoids or inegularly pillow'-sha 2 >ed blocks, varying from a few inches to several feet or 
yards in diameter. Tiiese blocks are often nmikedly cellular towaids the centre and 
liner-grained on the outer crust. They sometimes display lines of vesicles parallel w ith 
their margins. They belong to the time when the lava was still in movement and 
when it separated into globular {Kritions, 2»erha2>s by flowing into water or muddy 
sediment.* The interapaces between the elliirsoids have b^n filled-in sometimes with 
fine volcanic tuff, sometimes with mud, limestone, ironstone or chert. 


* Such globular lavas are well developed iu Sicilj. See (J, Plataiiia and H. J. 
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A singular feature of many lava-streamtf in to hv seen in tlie tunnels and caverua 
already referred to (p. 300). These cavities have doubtless iriaeu during the flow of the 
mass when the uppei and under |K)rtions had holiditied and were creeping sluggishly 
onward, while the still molten interior was able to nio\o faster oi to escajH* and thus to 
leave empty spaces within. .Such tunnels may nequently be swn among the Vesuvian 
lava-streams. A striking instance of them has been observed in u lava on the tlanks o| 
Mount Sho-sU, California It is 60 to M) leet high, ilO to 70 feet broad, with a loof 
from 10 to 7.'> feet thick, and has been |>enetiated hu neaily a mile without I'omiug to 
an end.* Interesting cxaiiijdes are deseriWd fiom the highl} glassy lavas of Hawaii, 
where they are sometimes fiom 2 to lo feet in height and 30 feet broad, but with 
large lateral expansions. The walls of these Hawaiian lava-( hambel^ aie smooth and 
even glassy, ami Irom tlien loofs hang slender stalactites of lava ‘20 to 30 inches long, 
while on tlie floor below little numnds of la\ a stalagmite have formed. The ptoclse 
inode of origin of these curious appemlages is not well uuderstotsl.- 

\'a|)our.s iiml huliliiiiHtion.s of .i La\ u st ream licsulos sti'atu, 
many otlu'r vaiumr.^^, ali.'aulit'd in theoiiginal suldmTancaii inolttMi inagraa, 
e.scajic from the lis.sures or fumarolcs of a lava-stieam (jiji ‘JG7-‘J70). 
.Vmoiig thc'^e exiialatioiis ehloiidcH uhoiiml, jiarticularly rhloiidc of 
sodium, which a|)|H‘ari>, not only in lis.sures, hut e\cii over th(‘ eoolcd 
crust of the lava, in .''mail cry.sla!s, in tufts, oi as a gramilar and even 
gla.s.sy incrustation. Chloride of non is ilepositcd as a vcllow coating at 
Vesuvius, where also bright emerald-green films and scales of chloride of 
copper may he nioic raiely observed. Many chemical changes take 
place in the escape of these vapours. Thus specular iron, either the 
result of the mutual (Icconiposition of .steam and iron chloride, or of the 
oxidation of magnetiti', forms abundant scales, jilates, and small crystaU 
in tile fumaroles and vesicles of some lava.s. S.il ammoiiuic also ap|)eare 
in large (juantity on many lavas, not merely in the fissures, but also on 
the ujijier .suiface, and perhaps a," a result of the decomposition of 
a([Ueous vajiour, whereby a conibinalioii is foimed with atmospheric 
nitrogen. Suli>hur, breislakitc, szaboitc, tcnoiite, alum, sulphates of iron, 
.soda and potash, and other minerals are also found, as in the fumaioles of 
volcanic craters. 

Slow' cooling of Lava. — The hardened crust of a lava-stieum is u 
bad conductor of heat, (.’onsequently, the surface <tf the stream may 
have become cool enough to be walked upon, tbough the red-hot mass 
may be observed through the rents U» lie only a few imhes boiow. 
Many years, therefore, may elapse before the leinjieiature of the whole 
mass has fallen to that of the surroum^jiig .soil. Klcven months after an 
ei'Uption of Etna, Sjiallanzani could see that the lava was still red-hot 
at the bottom of the fissures, and a stick thrust into one of them instantly 
took fire. The Vesuvian lava of 1785 was found by Breislak, seven 
years afterwards, to be still hot and steaming internally, tliough lichens 
had already taken root on its surface. The ropy lava erupted by 
Vesuvius in 1858 was observed by the author in 1870 Hi be .^ill so hot, 

Johnstoii-LaviH, * South Italian VolcauocH,’ p. 41 . Tliey are <j( fiequeut oicuiteiia- among 
Polnoxoic volcanic rockt». Tins structure U again noticed in Book IV. I'ait Vi I. Sect. li. 1. 

* J. S. Diller, ‘ Mount B)ia.'ts. a Typical Volcano,’ 1395. 

* See Dana's ‘ CharacterlHtic.i of Volcanoes,' pp. 209, 332-342. 
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even near ite termination, that steam issued abundantly from its rents, 
many of which were too warm to allow the hand to be held in them ; 
and three years later it was still steaming abundantly. Hoffmann records 
that from the lava which flowed from Etna in 1787, steam was still 
issuing in 1830. Yet more remarkable is the case of Jorullo, in Mexico, 
which sent out lava in 1759. Twenty-one years later a cigar could be 
lighted at its fissures ; after 44 years it was still visibly steaming; and 
even in 1846, that is, after 87 years of cooling, two vapour-columns were 
still rising from 

This extremely slow rate of cooling has justly been regarded as a 
point of high geological significance, in regard to the secular cooling and 
probable internal temperature of our globe. Some geologists have 
argued, indeed, that if so comparatively small a portion of molten matter 
as a lava-stream can maintain a high temperature under a thin, cold crust 
for so many years, we may, from analogy, feel little hesitation in believ- 
ing that the enormously vaster mass of the globe may, beneath a relatively 
thin crust, still continue in a molten condition within. Lord Kelvin, 
as already stated (p. Gl), has suggested that, by measuring the temperature 
of intrusive masses of igneous rock in coal-workings and elsewhere, and 
comparing it with that of other non volcanic rocks in the same regions, 
we might obtain data for calculating the time which has elapsed since 
these igneous sheets were erupted. 

Effects of Lava-streams on superficial waters and topo- 
graphy. — In its descent, a stream of lava may reach a water -course, 
and, by throwing itself as an embankment across the stream, may pond 
back the water and form a lake. Such is the origin of the picturesque 
liake Aidat in Auvergne. Or the molten current may usurj) the channel of 
the stream, and completely bury the whole valley, as has, happened again 
and again in the volcanic districts of Central France and among the vast 
lava-fields of Iceland. Few changes in physiography are so rapid and 
so enduring as this. The channel which has required, doubtless, many 
thotisands of years for the water laboriously to excavate, is sealed up in a 
few hours under 1 00 feet or more of stone, and another vastly protracted 
interval must elapse before this newer pile is simdarly eroded ^ 

By suddenly overflowing a brook or pool of water, molten lava sometimes has its 
outer crust shattered to fragments by a sbaip explo^ion of the generated steam, while 
the fluid mass within rushes out on all sides.-^ A remarkuMc instanco of this elfect was 
witnessed on 16th October 1894, when aa eruption took place on the island of Ambrym, 
one of the group of the New Hebrides in the south-west Pacitic Ocean. The lava was 
seen to enter the aea with a roaring and hissing noi.se, stmding uji immense volumes of 

• E. Schleitlen, quoted by Naumann, ‘ Geogiiosie, ’ i. p. 160. 

* The usurimtiou of river-lieds by lava-.stiv.'uns ami the subserjiieut progress of tlie running 
WKier in excavating new channels are admirably exeniplifled in Central France. See Scrope’s 
volume on that region, where the phenomena are well described ami illustrated with excellent 
drawings. For an example of the conversion of a laxa-bnried river-l)cd into a hill top by 
long-continued denudation, see Q. J. O. S. (1871), p. 301*. 

^ E.\ plosions of this nature have been observed on Etna, where the lava has suddenly 
.ome in contact with water or snow, considerable loss of life beiug somethnes the result 
5artonus von Waltershausen and A. \on Lasaulv, ‘Der Aetna,’ i. pp. 295, 300. 
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ttMim and discharging pioces of the rock in all directions, like the setting off of hundreds 
of rockets.* 

The lava emitted by Mauna Loa, Hawaii, in the spring of 1868 flowed out to sea. 
and added half a mile to the extent of the island at that point. At the end of the 
stream three cinder- cones formed from the contact of the la>a with the water, and 
Captain Dutton calls special attention to the fact that not only in this instance, but in 
other examples among the Hawaiian lavas which have reached the sea, there is clear 
evidence of the formation of volcanic craters by the accidental contact of lava with 
water.* The lavas of Etna and Vesuvius have also protruded into the sea, but, owing 
probably to their more viscous and lithoid condition and lower tenipratni-e, they do 
not seem to have given rise to explosive action at their seaward ends. Thus a current 
from the latter mountain entered ihe Mediterranean at Torre del (lieco m 1794, and 
pushed its way for 360 feet outwards, with a breadth of 1100 and a height of !.*> feet. 
So quietly did it advance, that Breislak could sad round it in u boat and observe its 
progress. The ellipsoidal stiucturo of some lavas, above alluded to, lias been by some 
observers referred to the influence of water and mud upon the molten lock invading 
a lake or the sea. 

By the outpouring of lava, two important kinds of geological change 
are produced: — (1) Stream-courses, lakes, ravines, valleys, in short, all 
the minor features of a landsca^ie, may be completely overwhelmed under 
a thick sheet of lava. The drainage of the district being thus effectually 
altered, the numerous changes which flow from the ojienitioris of running 
water over the land are arrested and made to begin again in new channels, 
(2) Considerable alterations may likewise be caused liy the effects of tlu^ 
heat and vapours of the lava upon the subjacent or contiguous ground. 
Instances have been observed in mIucIi the lava has actually melti'd 
down opiwsing rocks, or masses of slugs on its own surface. Interesting 
observations, already referred to (p. .‘lOo), have been made at Torre did 
Greco under the lava-stream which overflowed jiart of that town in 1791. 
It was found that the window-panes of the hoU8e.s had been devitrified 
into a white, tnvn.slucent, stony substance ; that pieces of limestone had 
acquired an open, sandy, granular texture, without loss of carbon-dioxide ; 
and that iron, brass, lead, copper, and silver objects had lieen greatly 
altered, some of the metals being actually sublimed. W e can understand, 
therefore, that, retaining its heal for so long a time, a nia,s8 of lava may 
induce many crystalline structures, re-arrangements, or decompositions in 
the rocks over which it comes to rest, and proceeds slowly to cool. This is 
a question of considerable importance in relation to the behaviour of ancient 
lavas which, after having been intruded among rocks beneath the surface, 
have subsequently been exposed by denudation. (Book IV. Part VII.) 

But, on the other hand, the exceedingly trifling change produced, even 
by a massive sheet of lava, has often been remarked with astonishment. 
On the flank of Vesuvius, vines and trees may be seen still flourishing 
on little islets of the older land-surface, completely surrounded by a flood 
of lava. Dana has given an instructive account' of the descent of a lava 
stream from Kilauea in June 1840. Islet-lik^ spaces of forest were left 

* For further deUili »ee postal, p. 3S5, sod the officUl repoit by Captain H. E. Purey 
Cost, R.N., Admiralty Paper, 1896, and Otogmph. Jmim. \iii. (I896j, pp. 588, 602. 

* Ann. Rep. U. & O. A 1882-88, p. 181. 
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in the midst of the lava, many of the trees being still alive. Where the 
lava flowed round the trees, the stumps were usually consumed, and 
cylindrical holes or casts remained in the lava, either empty or filled 
with charcoal. In many cases the fallen crown of the tree lay near, and 
so little damaged that the epiphytic plants on it began to grow again. 
Yet so fluid was the lava that it hung in pendent stalactites from the 
branches, which nevertheless, though clasped round by the molten rock, 
had barely theii* bark scorched. Again, for nearly 100 years there has 
lain on the flank of Etna a large sheet of ice, which, originally in the 
form of a thick mass of snow, was overflowed by lava, and has thereby 
been protected from the evaporation and thaw which would certainly 
have dissipated it long ago, had it been exposed to the air. The heat of 
the lava has not sufficed to melt it. Extensive tracts of snow were like- 
wise overspread by lava from the same mountoin in 1879. In other cases, 
snow and ice have been melted in large quantities by overflowing lava. 
The great floods of water which rushed down the flank of Etna, after an 
eruption of the mountain in the spring of 1755, and similar deluges at 
Cotopaxi, are thus explained. 

One further as})ect of a lava-stream may be noticed here — the effect 
of time upon its surface. While all kinds of lava must, in the end, 
crumble down under the influence of atmospheric waste and, where other 
conditions permit, become coated with .soil, and sup])ort some kind of 
vegetation, yet extraordinary differences may be ob.served in the facility 
with which different lava-streams yield to this change, even on tlie flank 
of the same mountain. Every one who ascends the slopes of Vesuvius 
remarks this fact. After a little practice, it is not difticult there to trace 
the limits of certain lavas even from a distance, in some ca.ses by their 
verdure, in others by their barrenness. Five humb’ed years have not 
sufficed to clothe with green the still naked surface of tlie Catanian lava 
of 1381 ; while some of the lavas of the present century have long given 
footing to bushes of furze.^ Some of the younger lavas of Auvergne, 
which certainly flowed in times anterior to those of history, are still 
singidarly bare and rugged. Yet, on the whole, where lava is directly 
exposed to the atmosphere, without receiving protection from occasional 
showers of volcanic ash, or where liable to be washed Ijare by heavy 
torrents of rain, its surface decays in a few' years sufficiently to afford 
soil for stray plants in the crevices. When these have tiiken root they 
help to increase the disintegration ; at last, as the rock i.s overspread, 
the traces of its volcanic origin fade away from its surface. Some of the 
Vesuvian lavas of the present century already support vineyards. 

Elevation and Subsidence. — Proofs of changes of level, whether 
upward or downwaid, are mo.st easily detected when they take place 
close to or at the margin of the sea, the surface of which serves as a 
datum-plane from which to <letermine their amount. Hence volcanic 
islands in the ocean are^specially favourable places for the detection of 
such movements (pp. 332-342). We must not suppose, however, that 
changes of level are less frequent at more inland centres of volcanic activity, 
* On the weathering of the Etna lavas, see ‘ Der Aetna,' ii. p. 397. 
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though it is not so easy there, without careful levellings, to j)ro\e their 
occurrence and extent. Where marine strata have l)een earrietl up above 
sea-level, they supply clear evidence of elevation. Such })roofs arc fj e- 
quent among volcanic vents, like Etna, Vesuvius, and other MediU'rranejiu 
volcanoes, which began their history a.s submarine vents, and owe their 
present dimensions not only to the accumulation of ejected materials, but 
also, to some extent, to an elevation of the sea-l>ottom 

After a period of gi'eat volcanic activity, subsidence or “sagging” 
may take place at and around the focus of discharge. Such a lowering 
of the ground, obviously most easily detected at seji-lev cl, leads to the 
submergence of the tracts affected by it. Thus during the eruption of 
Santorin in 1 86G-67, very decided but extremely local subsidence took 
place near the vent in the centre of the old emter. 

Though the interior of nuKlern volcanic cones can be at the best but 
very partially examined', the study <>f the sites of long extinct cones, laid 
bare after denudation, shows that subsidenci' of the ground has commonly 
taken ])lace at and round a vent. Theoictically two causes may be assigned 
for this structure. In the first jilace, the mere piling uj) of a huge mass 
of material round a given centre tends to ])re>sdown the rock underneath, 
as some railway embankments mav be obsei\e<l to have done, where 
they have been made on soft ground. This pres.sure must often amount 
to several hundred tons on the s<|uare. foot. In the second })laco, the 
expulsion of volcanic material to the surface* may leave cavities undm' 
neath, into which the overlying crust will naturally gravitate. These 
two causes combined, as 'suggested by Mr, Mallet, afford a jirobable 
explanation of the saucer .shajied depressions m which many ancient and 
some modern vamts appear to he.^ 

Among the lecords of volcanic action in past geological time many 
proofs aie to be found that it took jdace in areas where the jiredominant 
terrestrial movement was one of subsidem e. Thus among the Palicozoie 
systems of Britain the (.ambrian, Silurian, l>e\onian, f 'arboniferous, and 
Permian volcanoes successively appeared, and their lavas and tuffs were 
carried down and buried under thousamU of fcrt of sedimentary 
do|W)8its.“ 

Torrents of Water and Mud. — We have seen that large (piantities 
of water accompany many volcanic eruptions. In some cases, where 
ancient crater-lakes or internal reservoirs, shaken by repealed detonations, 
have been finally disrupted, the mud which has thereby been liberated 
has issued from the mountain. Such “mud-lava” (lam fl'acijaa), on 
account of its liquidity and swiftness of motion, is more dreaded for 
destructiveness than even the trm; melted lava.s On the, other hand, 
rain or melted snow or ice, lushing <lown the cone and taking up loose 
volcanic dust, is converted into u kind of mud that grows more and more 
pasty as it descends. The mere sudden rush of such large IxHlies of 
water down the steep declivity of a volcanic.cone cannot fail to effect 

' Mallet, Q. J. O'. -S’, .\xxlij. p. 740. See aUo tlie aoiouct of “Volcftiiif; Necks” in 
Book IV. Part VII. 

® See this history given in deUil in ‘Ancient Volcanoes of (Ireat Britain.’ 
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much geological change. Deep trenches are cut out of the loose volcanic 
slopes, and sometimes large areas of woodland are swept away, the debris 
being strewn over the plains below. 

One of these mud -lavas invaded Herculaneum during the great 
eruption of 79, and by quickly enveloping the houses and their contents, 
has preserved for us so many precious and perishable monuments of 
antiquity. In the same district, during the eruption of 1622, a torrent 
of this kind poured down upon the villages of Ottajano and Massa, over- 
throwing walls, filling up streets and even burying houses with their 
inhabitants. During the great eruption of Cotopaxi, in June 1877, 
enormous ton-ents of water and mud, produced by the melting of the 
snow and ice of the cone, rushed down from the mountain. Huge portions 
of the glaciers of the mountain were detached by the heat of the rocks 
below them, and rushed down bodily, breaking up into blocks. The villages 
all round the mountain to a distance of sometimes more than ten geo- 
graphical miles were left deeply buried under a deposit of mud mixed 
with blocks of lava, ashes, pieces of wood, lumps of ice, See} Many of 
the volcanoes of Central and South America discharge large quantities of 
mud directly from their craters. Thus, in the year 1691, Imbaburu, one 
of the Andes of Quito, emitted floods of mud so largely charged with 
dead fish that pestilential fevers arose from the subsequent effluvia. 
Seven years later (1698), during an explosion of another of the same 
range of lofty mountains, Cargiiairazo (14,706 feet), the summit of the 
cone is said to have fallen in, while torrents of mud containing immense 
numbers of the fish Fpnelodxis Ctfclopiim, poured forth and covered the 
ground over a space of four square leagues.- The carbonaceous mud 
(locally called moya) emitted by the Quito volcanoes sometimes escapes 
from lateral fissures, sometimes from the craters, Its organic contents, 
and notably its siluroid fish, which are the same as those found liA’ing 
in the streams above ground, prove that the water is derived from the 
surface, and accumulates in craters or underground cavities until dis- 
charged by volcanic action. Similar hut even more stupendous and 
destructive outpourings are siiid to have taken place from the \olcanoes 
of Java, where wide tracts of luxuriant vegetation have at different times 
been buried under masses of dark grey mud, sometimes 100 feet thick, 
with a rough hillocky surface from which the top of a submerged palm-tree 
would here and there protrude.^ 

Between the destructive effects of mere water- torrents and that of 
these mud-floods there is, of course, the notable difference that, whereas ^ 
in the former case a portion of the surface is swept away, in the latter, 
while sometimes considerable demolition of the surface takes place at first, 
the main result is the burying of the ground under a new tumultuous 
deposit by which the topography is greatly changed, not only as regards 

* Wolf, Nms Jahrh, 1878, p. 133. Stilbel, ‘Die Vulkanl^erge von Ecuador,’ p. 153 

* Stubel declares that all that hasi been reported about mud-streams as products Of 
folcitlia action in Ecuatlor is based on erroneous and incredible statements. ‘ Die Vulkan- 
wrge von Ecuador,’ p. 403. 

’ See mUe, p. 271, where the observations of Professor Wiclimanu on this subject are cited. 
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its temporary aspect, but in its more permanent features, such as the 
position and form of its water-courses. 

Effects of the Closing of a Volcanic Chimney— Sills and Dykes.— 

A study of the volcanic phenomena of former geological periods, where 
the structure of the interior of volcanoes and their funnels has been laid 
bare by denudation, shows that in many cases a vent becomes plugged up 
by the ascent and consolidation of solid material in it, while yet the 
eruptive energy of the volcano, though diminishing, has not ceased. A time 
is reached when the ascending magma, impelled by pressure from below, 
can no longer overcome the resistance of the column of solid lava or com- 
pacted agglomerate which has sealed up the orifice of discharge, or at least 
when it can more easily force a passage for itself between the sedimentary 
strata on which the whole volcanic pile may rest, or between the lava- 
sheets at the base of the pile, or into fissures in either or both of these 
groups. Hence arise intrusive sheets or sills and dykes or veins (see 
p. 287). That these later manifestations of volcanic energy have some- 
times taken place on a great scale is shown by the number and size of 
the sills which are found at the base of the Palaeozoic volcanic groups of 
Britain, where this feature of volcanic action has been especially investi- 
gated. Thus tiie great Cambrian and Lower Silurian volcanic outflows of 
Arenig and Cader Idris in North Wales arc underlain with a profusion 
of basic sills. The same structure re-appears so markedly among the 
volcanic groups of the later Palaeozoic formations, and also in those of 
Tertiary age, that it must be regarded as marking an ordinary phase of 
volcanic action. But it remains of course invisible until in the progress 
of denudation a volcanic cone is cut down to the rcK^ts. 

The dissection wrought by denudation has further shown that in 
many instances the plutonic forces have not succeeded in establishing a 
connection with the surface and thus producing true volcanic manifesta- 
tions, but have only been able to inject the magma into fissures of the 
crust or to thrust it in great sheets between the l>edding planes of 
stratified formations. These uncompleted efforts to form volcanoes have 
given rise to dykes, veins, bosses, sills and laccolites. (Book IV. 
Part VII.) 

Exhalations of Vapours and Gases.— A volcano, as its activity 
wanes, may pass into the Solfataric stage, when only volatile emana- 
tions are discharged. The w’ell-known Solfatara near Naples, since 
its last eruption in 1 1 98, has constantly discharged steam and 
sulphurous vapours. The island of Viilcano has now passed also 
into this phase, though giving vent to occasional explosions. Numerous 
other examples occur among the old volcanic tracts of Italy, where 
they have been termed Steam, escaping in conspicuous jets, 

sulphuretted hydrogen, hydrochloric acid, and carlxinic acid are par- 
ticularly noticeable at these orifices. The vapours in rising condense. 
The sulphuretted hydrogen partially oxidises into sulphuric acid, which 
powerfully corrodes the surrounding rocks. The lava or tuff through 

’ The v«riou« gMea, vapours and sublini4t«« of eiicb fiiinnroJe*. have l>c'eii eauwented, 

ante^ pp. 265-270. 
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which the hot va^wurs rine is bleached ii)to a white or yellowish crumbling 
clay, in which, however, the less easily corroflecl crystals may still be 
recognised in sitn. At the same time, sublimates of sulphur or of* 
chlorides may be formed, or the sulphuric acid attacking the lime of the 
silicates gives rise to gypsum, which spreads in a network of threads 
and veins through the hot, steaming, and decomposed mass. In this 
way, at the island of Vulcano, obsidian is converted into a snow-white, 
dull, claystone-like substance, with crystals of sulphur and gypsum in its 
crevices. As a final residue silica is dejxwited from solution at many 
orifices, and coats the alteie<l rook with a crust <d chalcedony, hyalite, 
opal, or some form of siliceous sinter. As the result of solfaUiric action, 
masses of rock are decomposed below the surface, and new deposits of 
alum, sulphur, suljihides of iron and copjier, and layers of silica, iVc., are 
formed above them. Examples have been described from Iceland, Lipari, 
Hungary, Tereeira, 'renenfie, St. Helena, and many other localities.^ 
The ItKjfMnn of 'ruscany are l>asins into which the Wald's from sotfioni are 
discharged, and where a precipitation of their dissolved salts takes place. 
Among the substanci^s thus deposited are gypsum, sulphur, silica, and 
various alkalini‘ salts ; but the most important is boracic acid, the 
extra(!tion of which constitnte.s a thriving industry. In ('hili many 
solfaUras occur among extinct volcanoes.' 

.Vnother cla.Hs of gaseous emanations lietokcns a condition of volcanic 
activity further a<lvanced tow'ards final extinction. In tlicse, the gas 
is carbon-dioxide, cither is.suing directly from the rook or bubbling uj) 
with water which is often (pnte cold. The old volcanic districts of 
Europe furnish many examples. Thus im the .shores of the biachor 
See -an ancient crator-lakc of the Eifol — the gas i.ssues from numerous 
opouiugs called round winch dea<l insects, and occasionally 

mice and birds, may 1 m‘ found, lii tin* same region occur hundreds of 
.springs more or hss charged with this gas. The famous Valley of 
Deatli in .lava contains one of the most reinarkalile ga.<-springs in 
the world. It is a deep, bosky hollow, from one small space on the 
bottom of which carbon-dioxide issuc.s so copiously as to fonn the 
lower stratum of the atmosphere. Tiger.s, deer, and wild-boar, enticed 
by the shelter of the spot, de.seend and are speedily suffocated. 
.Many skeletons, including those of man himself, have been observed. 
“ Death Dnlch ” is the significant name given to another c.xamplc of the 
accumulation of carbonic acid in We.stern America. It is a natural 
bear-trap, where bodies of grizzly bears and other animals have been 
noticed.'* 

' Von Bticli, ‘Ciin.ir. Insdn,' p. '2'V2. Hoffnnuin, Ak/j/. .Inn. ls.32, pp. .38, 40,60. 
Bunst'U, .4 »h. Chfht. Pharm. l\ii. (1847), p. 10. Darwin, ‘Volcanic Idnntls,’ p. 29. 
Ntuiiui, AiKlerlini ami Snlvaaon, .YrtOov. hiii. (1898), p. 269. L. folonilm on the alterations 
producetl by soltataric action, Bufl. Sik-. (.Vo/. Kal, w. (1901). p. 223; also .vix. (1900), 
p. 521. Tli« iiHine Pivpt/litf^ as alreatly inentioncl (nntf, p. 230), has l>een proposetl by 
Rosenbiisch to be I'e^tricteil to certain amlesites aiul allied rocks altered by solfataric action. 

2 Domeyko, ix. (7« «<, r.) Large numbers of solfataras .icour also in Iceland. 

^ J. A. Jaggar, Pop. Sci. Munthlp, Feb. 1S99 
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Geysers. — Ei-uptive foiintains of hot water and steam, to which the 
geneml name of Geysers {ie. gushers) is given, from the examples in Ice- 
huul, w'hich were the first to be seen and described, mark a decliiiing 
phase of volcanic activity. The Great and Idttle (Jevsers, tlie Strokkr 
and other minor springs of hot water in Iceland, have long l)een celelirated 
examples. Another series in New Ze.aland, remarkable for the beauty of 
its sinter-terraces, was destroyed by the volcanic eruption in 188G {ttnlr, p. 
291). Put probably the most striking and numerous assemblage is that 
which has been brought to light in the north-west part of th«* territory of 
Wyoming, and which has been included within the “ Yellowstone National 
l*ark ” — a region set apart by the Congress of the United Suites to be for 
ever exempt from settlement, and to be retained for the instruction of 
the jieople. In this smgtilar region the ground in oerlain tracts is honey- 
comlh'd with psussages which eomnmnieaU* with the surface by hundreds 
of oiKmings, whence boiling water and steam are emitted. In most cases, 
the Avater remains clear, trampul, ami of a deep green-lilue tint, though 
many of the otherwise quiet |k»o1.s are marked by jiatches of rapid 
ebullition. These pmils lie on iiioniid.s or sheets of sinter, and are usually 
edged round with a raised rim of the same substance, often beautifully 
fretted and streaked with brilliant colours. The eruptive ojienings 
usually appear on small, low, conical elevations of sinter, from each of 
which one or more tubular projections rise. It is from these irregular 
tube-lik(‘ ex<’rcs(;ences that the eruptions take place. 

'I'lie term geyser is restrieteil to a< ti\e openings whence eolumns of 
hot water and steam are from time to time ejected; the non-t^ru})tive 
pools are only hot springs. A true gi'vser sliould thus jiossess an under- 
ground jiipe or pas.sago, terminating at tin' surface in an ojiening built 
round with deposits of sintei. At more or less regular intervals, 
rumblings and sharp detonations in the pipe are followed liy an agitation 
of the water in the basin, and then by the \iolent expulsion of a (•ohiiiin 
of water and steam to a considerable height in the air. In the Upper 
Fire Hole basin of the VelloAvstone Faik, one of the gi'vsers, named “Old 
Faithful” (Fig. .)! ), c\er since the discovery of the region has sent, out a 
column of miiigleil water and steam every sixty-lliree minutes or there- 
abouts. The column rushes up with a loud roar to a height of more than 
100 feet, the whole eruption not f»ccupyiiig more than about five or six 
minutes. The other geysers of the same district are more eajuicious in 
their movements, and some of them more stupendous iii the \olume of 
their discharge. The eruptions of tlu' (’astle, Giant, and Heehiie lenta 
are marvellously impressive.’ 

Ill examining the Yellowstone Gey.ser legion in U'^ZO, the author wail 
specially struck l>y the evident indejHindeiice of the \<*iits. This waa 

* See Ihnfihii^ Rtpm-U for 1870 .wkI for ls78, in Ibo kttcr of wludi will U' foniiil a 
volmniuons monograph nn the ffot Hpniigtt liy A. I'eaie. ComsUxk's Import in .lotiex’a 
‘Reconnaissance of .N.W. W>omiug, &r.,’ 1874. T. A. Jaggar, Ainfr.,h>uri\. May 1898. 
XiUun, Iviii. (1898), p. 261. Wwd, <,f Mmru Q,wrf^.h/, N.'W York, \i. (1890), No. 
4, p. 289. An<lr»-e, Jahrb. 1893, li. p. 1. Tlx- ‘lepusits of h»il hprings are further 
relerred to on pp. 19.'i. 173. 611. 
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shown by their very different levels, as well as by their capricious and 
unsympathetic eruptions. On the same hill-slope, dozens of quiet pools, 
as well as some true geysers, were noticed at different levels, from the 
edge of the Fire Hole River up to a height of at least 80 feet above it. 
Yet the lower pools, from which, of course, had there been underground 
connection between the different vents, the drainage should have princi- 
pally discharged itself, were often found to be quiet steaming pools 
without outlet, while those at higher points were occasionally in active 
eruption. It seemed also to make no difference in the height or tran- 
quillity of one of the quietly boiling caldrons, when an active projection 
of steam and water was going on from a neighbouring vent on the same 
gentle slope. 



Fl>!. 51 --Vk'u i(f Olil Fsitliftil Oe\sci, hikI otliois iii tlie tlistaiico, Firi‘ Hole Rhei, 
Yellow slotie I’nrk 


Bunsen and Descloiseaux spent some days experimenting at the 
Icelandic geysers, an<i ascertained that in the Great Geyser, while the 
surface temperature is about 212^ Fahr., that of lower portions of the 
tube is much higher — a thermometer giving as high a reading as 266^ 
Fahr. The water at a little depth must consequently be 54° above the 
normal boiling-point, but it is kept in the fluid state by the pressure of 
the overlyung column. At the basin, how'ever, the water cools quicklv. 
After an explosion it accumulates there, and eventually begins to boil. 
The pressure on the column below being thus relieved, a portion of the 
superheated water flashes into steam, and as the change passes down the 
pipe, the whole column of water and steam rushes out with great violence. 
The water thereafter gradually collects again in the pipe, and after an 
interval of some hours the operation is renewed. The experiments made 
by Bunsen proved the source of the eruptive action to lie in the hot part 
of the pipe. He hung stones by strings to diffetent depths in the funnel 


SECT, i § 2 


MVD^VOLOANOES 


317 


of the geyser, tind found that only those in the higher part were cast 
out by the rush of water, sometimes to a height of 100 feet, while, at 
the same time, the water at the bottom was hardly disturbed at all. 
These observations give much interest and importance to the phenomena 
of geysers in relation to volcanic action. They show that the eruptive 
force in geysers is steam ; that the water column, even at a comparatively 
small depth, may have a temperature considerably above 212" ; that this 
high temperature is local ; and that the eruptions of steam and water 
take place periodically, and with such vigour as to eject large stones to 
a height of 100 feet.^ 

The hot water comes up with a considerable percentage of mineral 
matter in solution. According to the analysis of SandWger, water 
from the Great Geyser of Iceland contains in 10,000 parts the following 
proportions of ingredients: silica, 5*097 ; sodium -carbonate, 1*939 ; 
ammonium-carbonate, 0*i)83 ; sodium-sulphate, 1*07; potassium-sulphate, 
0*475; magnesium -sulphate, 0*042 ; sodium -chloride, 2*521; sodium- 
sulphide, 0*088 ; carbonic acid, 0*5.57 ~ 11*872.' 

When the water has reached the surface, it deposits the silica as a 
sinter on the surfaces over which it flows or on which it rests.^ The 
deposit, w^hich is not due to mere cooling and evajx)ration, is curiously 
aided by the presence of living alg» {posieu, p. Gil). It naturally takes 
place fastest along the margins of the pools. Hence the curiously fretted 
rims by which these sheets of water are surrounded, and the tubular or 
cylindrical protuberances which rise from the growing domes. Whore 
numerous hot springs have issued along a slope, a succession of basins 
gives a curiously picturcs(pie terraced a.spect to the ground, as at the 
Mammoth Springs of the Yellowstone Park and at the noW destroyed 
terraces of Kotamahana in New Zealand. 

In course of time, the network of underground passages undergf)e8 
alteration. Orifices that were once active lease to erupt, and even the 
w'ater fails to overflow them. Sinter is no longer formed round them, 
and their surfaces, exposed to the wcatlicr, crack into fine shaly rubbish 
like comminuteil oysti'r-shell.s. Or the cylinder of .sinter grows upward 
until, by the continued depo.sit of sinter an<l the failing force of the 
geyser, the tube is finally filled up, and then a dry and crumbling white 
pillar is left to mark the site of the extinct geyser. 

Mud -Volcanoes.^ — These are of two kinds ; Ist, where the chief 

* Comptt's renduH, \xiti. (1.S46), )) ^34 Anrud. l>xn. (1817), ]> It'.l , IxxAiu. 

(1851), i> 1H7. Ann. Chunif. wwin. (1853). pp. 21.5. 385. 'rii*' «;xpliu)utioj» proposed for 
the phenomena ohterNeil .at the (ire.U tJeyuer m prolwhly not applicttltle in tliow lannH wh«re 
the mere lotiil aceumulation of steam in smtahli* rewnoirs may he hutfieieiit. 

2 AniuU. und Plmnn. 1847. p. 49. A senes ot delaileil !nial>Kes of the hot springn 
of the Yellowstone National I’ark will Ims found in No. 47 of tin; ilidl. t . O’. S. 1888. 

** For nn a«’eoiint of tiie neysenU- of the Yellowstone distnef, pajiers by W. H. 
Weed, Amer. Jnurn. Sci. xxxvii (1889), and Uth Ann. Rep. V. S. iieoh Stm\ 1890. 

* On JII;d voi,CA.no»S, ••ee Bunsen, Luhuj x Annvnl, hiiL (1847), p. 1 ; Abich, Mttn. 
Acad. Rt. J‘etersburg, 7* m't. t. \i. No. .5, ix. No. 4 ; f)uHbeiiy’.s Volnmoeti pp. 264. 539 ; 
Biiist, Traiui. Doinba^ Geogmph. .Sk. r. p. 154 ; l{ol«rU, Jotnn. lOn/. Amufk .'v/r. 1850 ; 
De Vememl, ^fh}i. St>r. OffJ. Franre. in. (183S). p. 4 ; Htilfe, Q. ./. G. S. xxx. p. 50 ; Von 
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source of movement is the escape of gaseous discharges ; 2nd, where the 
active agent is steam. 

(1) Although not volcanic in the proper sense of the term, certain 
remarkahle orifices of eruption may be noticed here, to which the 
names of innd-volrunoe.% anises, sttlwclleHy air-rolcanoes, and inaccdlulHis have 
been a])plie(l (Sicily, the Apennines, Caucasus, Kertch, Taman, mouth of 
the In/lus). These are conical hills formed by the accumulation of fine and 
usually saline mud, which, with various gases, is continuously or intermit- 
tently given out from the orifice or crater in the centre. They occur in 
groups, each hillock being sometimes less than a yard in height, but 

ranging uj) to elevations of 10(> feet or more. Like true volcanoes, they 

have their periods of rej)o.se, whan either no discharge Uakes place at all, 
or mud oozes out tranquilly from the crater, and their epochs of activity, 
when large volumes of gas, and sometimes columns of flame, rush out with 
considerable violence and explo.sion, and thiovv up mud and stones to a 
heigiit of several hundred feet. The gases play much tlu* same part, 
therefore, in these phenomena that steam does in those of true volcanoes. 
They consi.st of marsh -gas and other hy<lrocarbons, carbon - dioxide, 
sulphuretted hydrogen, and nitrogen, with petroleum vapours. The 

mud is usually cold. In the water occur various saline ingredients, 

among which common salt generally appears ; hence the name, 
Naphtha is likewise frequently present. Large jiieces of stone, difiering 
from those in the neighbouihood, have been observed among the 
ejections, indicative doubtless of a somewhat deeper source than in 
ordinary cdsos. Heavy rains may vv'ash down the minor mud cone.s and 
spread out the material over the ground; but gas-bubbles again appear 
through the sheet of mud, and by degrees a new series of mounds i^ 
once more thrown up. 

Tlu'ie (’.an be Utile doubt that this type of mud- volcano is to be trail'd to clifimcal 
ohangos in progu”". iiiidi»riioath l>i. Haubony c.xplained them in .Sicily by the slow 
conilnistioii of bods i)f sulphur. The Ireipiont oediiriMue of naphtha and ot inllaniniable 
gas rathei points to tin* disengagement of livdnK'arbona from the aei’ess ol water to 
metidlie carbides (pp. M>, 270', possibly sometimes to the destructive distilKatioii of 
seams of coal. 

Ill conuoetion with these guseou.s emanations, lefeience m.ay be made here to those 
ui8tan(5e.s, now obseived in many jtaits of the woild, where volatih.* hvdrocarbons aie 
given off fruni the ground without any visible mamfestutiou of tlieir presence until 
they aie lighted. Sindi diM’liarges (veem in many of the dustiicts wlieie luud-voleanoes 
appeal, as in Xorthein Italy, on the Cu.sjnan, in Mesopotamia, in Soutiiern Kurdistan, 
and in many part.s of the Tnitod States. It has been observed that they sometimes 
rise in legions where beds of rock-salt he underneath: and as that rock has been 
ascertained often to ooufain conipies.sed gaseous hvdioeaibon.s, the solution of the 
rook Iw subterranean water, and the conse(|uent liberation of tlie gas, has been offered 
as an evplaiiation of the.se tire-wells, lint it i.s wlieie abundant [letioleiim exists under- 
neath that the volatile hydrocarbons are most plentiful. In tlie oil, regions of 
Peunsylvatiia, for example, certain sandy strata occur at various geological horizons 
whence large quantities of |vetroleum niid gas aie obtained. In making the borings 

Lasnulx, X. A 0. G. wxi. \\ 4r.7 ; (iumbel, Sthb. Akad. Munrk, 1879 ; F. R, Mallet. Rec. 
(ifof. Surv. /m/ia, xi, p. 188 : H. Sjogren. Jolnk Oeol. Rvchsa^ist. xxxvii. (1887), p. 2811, 
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for oil 'Wells, reservoirs oi gas as well as auhtenaiiedn courses or spunk's of water 
are met with. When thu supply of oil is himteil Init tliat of gas is large, a 
contest for jwssession of tlie bote 'hole sonietiiiie.s take.s place hetwetu the gas and 
water. When the machmei y is removed and the honng is ahanduneil, the contest i.s 
allowed to proceed unimpeded and resulta in the inteinnllent discliaige of cohiiiuif of 
water and gas to lieights of 13U feet oi more. At night, when tlie gas lias bten lighted, 
the spectacle of one of the.se “(ire-geysers” is inutnceivahl) giaiul.’ 

In the oil region of Ikku on the Caspian similai pheiiumeini jiie displayeil. 'I'he 
escape of inflaiiim.ihle gas fioni the ground has theie hcen known foi many centuries, 
a temple having been erected by lire-wol-shipjicis at one of the places wlieic the ills- 
churge is copious. The elncf tower of the enelosure is built o\ei uiu* ol the .spots whence 
the gas rises most fieely, so that the (lame blazed from its lop Though now iliMi.sed, 
tlii.s shriiie is still jireserved, and I ha\e seen the gas lighted at it. In the same 
neiglibourhuod hiiiesloiie is Immt b\ stacking it o\et a gas escape ami setting a light 
to the jule. Kveii fiom the bed of the C.isjiiaii .Sei at some little distaiue from the 
shore, tlie gas continues to use tliiough the watei, the vmf.t, ^ ,,f winch in ealm weather 
apjKiais to be in a state of cffenesceiice. When a juece t»f lighted itipe is thiuwn on 
tlie spot the gas at once Imists into llatiie and hniiis on the stiilace of the sea until 
blown out by the wind. .At some of tlie nnnieions oil-wtlls which ha\e been sunk 
around Ikiku, the gas .ueuniuhites and at inten iK iushe'> with gre.it xioleiiee, eai tying 
witli It a huge d.uk column of oil and water foi fifty leel <ii moie aboM* the level of 
the ground. 

Ceitaiii pseudo-\ olcann i ffe. ts ha\e been [noduted by llie ignition of beds ol coal, 
parlicuhuly thioiigh tin decomposition of jiyiites, wheieby a gieat heat is gmieuitwl. 
The “ burning lulls ” of 'I'urkesian Ii.im- been ufiiied to the subteiiunenn coinbastioii 
of beiks of .lurasuc coal ' 

(‘J) I'lie second (hiss of imid-volcano juc-sents itself in line volcaiiie 
lenions, iind is due to the esc.ipe of hot water and sleaiii through bods 
of luH' or some other friable kind of rock 'J'he mud is kept in elmllilioti 
by the rise of steam through it. As it becomes moie pasty and the 
steam meets with greater resistance, large bnlibles are formed whicli 
burst, and the more lupiid mud from helow oo/cs out from the vent. 
In this ivay, small cones are built up, many of wliicli have jierfert 
craters atop. In the (leyser tiact.s of tiie Yellowstone region, there are 
in.structi\e examples of such actnc and extimt mud-vent.s. Some of 
the extinct cones there are not more tlian a foot high, and might be 
carefully removed tis museum specimens 

d. Structure of Volcanoes. 

We have now to consider tlie manner in which the various soii<l 
materials ejected by volcanic action arc Iniilt uji at the surface. This 
inquiry wdll be restricted here to the phenomena of modern lolcanoes, 

* Aslibuiner, Pm. Ame,. /'/<</. . wii. (1877), p !•’<. Htfioiifi, 

15th Sept 1879. (In-l. (ont.nmng Uep<.itH by .1. ('aril. 1877, 

1880. J. S. Ntv\ln.rr>, ‘‘Tin Fust Oil W. 11," Ma>jattn,\ <J(t. 1890. On the 

naphtha districts of the ('.i'pi.i!i Abiilt. xxu. (1879), p. 165. 

H. Sit^reii, «t>. rd. ^^\\ll, '18s7 .p, 47. C. Maniii. ‘ lltKion of Etciwrt Fire,’ Ixindoii, 
1884. See alMj fui phtnomena III (J.illiew, ./ffA/A ftti'hf xv. pji. 199,3.01-. xui. p. 

‘291 ; wiiLp, 311 ; xwi. (1881;, p. 131. Puk. hd. Cn. \lii. (1875). i>. 348. 

- .1. Mujichketofl, Jfi'ui'n Jahif'. (1.876), p. 016 ^ 
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including the active and dormant, or recently extinct, phases. Obviously, 
however, in a modem volcano we can study only the upper and external 
portions, the deeper and fundamental parts being still concealed from 
view. But the interior structure has been, in many cases, laid open 
among the volcanic products of ancient vents. As these belong to the 
architecture of the terrestrial crust, they are described in Book IV. 
The student is therefore reqtiested to take the descriptions there given, 
in connection with the foregoing and present sections, as related chapters 
of the study of volcanism. 

CJonfining attention at present to modern volcanic action, w'e find 
that the solid materials emitted from the earth’s interior are arranged 
in two distinct types of structure, according as the eruptions proceed 
from large central orifices or from fissures that reach up to the surface. 
In the former case, volcanic cones are protluced ; in the latter, volcanic 
plateaux or plains. 

i. Volcanic Cones. 

The type of the volcanic cone, or ordinary volcano, is now the most 
abundant and best known. From some weaker point of a fissure, or from a 
vent opened directly by explosion, volcanic discharges of gas and vapours, 
with or without their liquid and solid accompaniments, make their way to 
the surface. Where the explosive energy has been great, but has not ex- 
pelled volcanic products, either as lava or as ashes aiid stones, the vent of 
discharge may be left as a cavity on the ground, around which the debris 
shot out of the funnel forms a low rim or a more or less perfect cone. More 
usually molten or fragmentary volcanic materials are ejected so as to form 
a conical hill or mountain, the form and size of which may greatly vary 
according to the nature and duration of the eruptions. But the typical 
form which may be recognised through all these variations is that of the 
cone of accumulation. As this cone increases ia height, by successive 
additions of ashes or lava to its surface', these volcanic sheets are laid 
down upon progressively steeper slopes. The inclination of beds of lava, 
which must have originally i.ssued in a more or less liquid condition, 
offered formerly a difficulty to observers, and suggested the famous theory 
of Elevation-craters {Erhrlntncfskralcre) oi L. von Buch,* Elie de Beaumont, 
and other geologists. According to this theory, the conical shape of a 
volcanic cone arises mainly from an uphcivval or swelling of the ground, 
round the vent from which the materials are finally exptdied. A portion 
of the earth’s crust (represented in Fig. 53 as composed of stratified 
deposits, a b g h) was believed to have been pushed up like a huge blister, 
by foixes acting from below (at c) until the summit of the dome gave way 
and volcanic materials were emitted. At first these might only partially 
fill the cavity (aa at /), but subsequent eruptions, if sufficiently copious, 
would cover over the truncated edges of the pre- volcanic rocks (as at g h\ 
and would be liable to further upheaval by a renewal of the original 
upward swelling of the site. 

* p. 169. 

^ RydI. a. G. F. IV, p. 357. Ann. .l/oiv.t, ix. ami x. 
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It was a matter of ]>rime importance in the interpretation of volcanic 
jiction to have this (juestion settled. To Poulett Scroj)e, Constant 
IV’VOst, and Lyell, belongs the merit of disproving the Klt*\atiun craU*r 


■ > 1 ;^ 



Ki.; Vi lion illM«lruli\f «.f 111.- KUnalum 1 1 iU*i Ilicor) 


theory. Scr<)])e sliowod eomlusively that the steep sloja* of the lava UMls 
of a volcanic cone was original,* Con.stant IhV'Vo.st pointed out that 
there was no more rwi.son why lava should not consolidate on steep slopes 
than that te.ars or drops of wax should not do so.' Lyell, in successive 





hi^ ’>{ I)iHitr«Mi H<‘> I ion of ,i iioniial V ()l< »no 

I’rn-'. olcaiiii- jil.ilfonn mi|ijh)si»i 1 lit'iv to . ohmihI of nin-HiMnd sti-itilli**! r»K-k^, broki-ii tlllo^l^;ll li\ the 
funnel/, from win. h th.- . oni of ^olllOlll inul. naU . him le-en uujiOmI !iisu!i lln t-ril.'i r, 
lirisioiinlj cIihiihI liy ii<iii)i /re.il evj.li.si.in, .i iniiioi < one may Ik- foiiii.-(l duriiiK le. tili r IiIihm a of 
Mill aiiie notion, and t)ii» iiiu< I i .nn ma) im n-.i-'i in m/< until Un oiikiuhI i one is t.mH n|i,iKHiii, 
Hs slion n li> tin .lotted Im. s 

eilitions of his work^, and suhseqiiently by an c.xaminHtion of the ('.anary 
Islands with Martung, brought forward eogent arguments against the 
Klevation crater thi-ory.* A comfuiiison of Fig. with Fig. .‘>.‘1 will show 
at a glance the difference between this theory ami the views of volcanic 

‘ •Coiisnl.-r.'itions oil Volianoes.’ ‘Ttio (a-olooj of Central KrniKf,' 18‘/i>-‘/7, ‘/lul 

eilit. IM.’i.S ‘ Volt anoes,’ 2iui <'<lit, 1872. ‘"On the ForniHlion of ('ones and CruU-ns uinl the 
nature of the Lniuiility of Livas ’ (/. ./. O'. S, mi ji. 828. 

•' Coinfjhi rr'mfns, 1 . (1835), |i. 460 , \li. (1855;, p 915* nVi2 S>>f. /•’riimi Mrntnircv, 
li. |>. 10.5, ami /Ivlf, m\, p, 217. .Xoen'f/ I'tum, I'hk. I’erh. 1843, p. 13. 

’ Phi/. Tnim. 18.58, ji. 703. S*‘e the reniurk^ of KomjUt’. ‘Santotin,’ pp. 400-422. 
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structure now universally accepted. The steep declivities on which lava 
can actually consolidate have been referred to on p. 305 . 

The typical conical form of most volcanoes is that naturally assumed 
by a self-supporting mass of coherent material. It varies slightly accord- 
ing to the nature of the substance of the cone, the progress of atmospheric 
denudation, the position of the crater, the direction in which materials 
are ejected, the force and direction of the wind during an eruption, the 
growth of parasitic cones, and the collapse due to the dying out of volcanic 
energy.^ The cone usually grows by additions made to its surface during- 
successive eruptions, and though liable to great local variation of contour 
and topography, preserves its general form with singular persistence. 

Amoii^ the Aiidee, however, another type than that of the nornial cone has been 
developed. Huge masses of lava have there been bnilt up into domes and pinnacled 
rocky isolated mountains, having a singular diversity of external form combined with a 
comparative simplicity of internal structure. Dr. Stubel, who has so sedulously studied 
the volcanoes of Ecuador, has announced his conviction, as the chief result of his study, 
that the majority of them have been formed, each as essentially the product of one 
single outbreak and not of a long senes of widely separated eruptions. He thinks that 
while those volcanoes which have been gradually bnilt up by repeated eruptions 
necessarily assume a conical form, those which have been produced in his opinion by a 
gigantic single elfort posse.s8 great variety of shaiie. He does not mean to allirm that, 
in 8|)eakirig of a single eruption, a volcano of a thousand or two thousand metres in 
height and corresponding width was produced in a few days, but only that the ejections 
by which the huge mass was piled up followed each other so closely that the volcano 
was practically completed before the mobility of its lava was arrested by cooling and 
consolidation. Thousands of years may have passed before the mass entirely cooled, 
yet none the less ho would regard it as the product of a siuglu eruption. A volcano 
formed in this way he terms imnoijcne ; while where it has been built up by the gradual 
accumulations of successive eruptions he calls it polygnie.'^ 

Many exaggerated pictures have been drawn of the steepness of slope 
in volcanic cones, but it is obvious that the angle cannot as a whole 
exceetl the maximum inclination of repose of the detrital matter ejected 
from the central chimney.^ A series of profiles of ^olcanic cones 
taken from photograjihs shows how nearly they approach to a common 
average type,* One of the most |)otent and constant agencies in modify- 
ing the outer forms of these cones is undoubtedly to he found in rain 
and torrent^, which sweep down the loose detritus and excavate ravines 
on the declivities till a cone may be so deeply trenched as to resemble a 
half-opened umbrella.^ 

In the familiar Vesuvian type of volcano the top of the truncated 
cone bears the depression known as the crater, which doubtless owes its 

* J. Milne, Ofol. Mag, 1878, p, 339; 1879, fi. 508 ; M,wwl>>g. .S-c. ix p 179 

G. l\ Becker, Awrr. Journ. Sci. xxx. (1885). p. 283, H. J. Johnston- Lavie, (M>f, Maa 1888* 

’ 'Vulkanb. Ecuador,’ p. 35D 

* C.otopaxi is a notable example of such exaggerated representation. Mr. Whymper 

fouml that the general angles of the northern and southern slopes of the cone were rather 
less than 30* (‘Travels amongst the Great Andes,’ p. 123). Humboldt depicted the angle 
as one of 60* ! * a 

-* See Milne, Seitm. Soc, Japan, ii., and OW. Mag. 1878, Plate ix. 

* On the denudation of volcanic cones see H. J. Johnston- Lavis, Q. J. 0. S, xl. p. 103. 




generally circular form to the equal expulsion in all dii'eitions of the 
explosive vapours from below. In some of the mud-cones already nDtactl, 
the crater is not more than a few inches in diameter and deptli. .From 
this minimum, every gradation of size may l>e met with, up to huge 
precipitous depressions, several miles in diameU*r, and thousands of 
feet in depth. In the crater of an active \olcano, emitting lava and 
scoriae, like Vesuvius, the walls are .steep, rugged chtls of scorchi‘d and 
bhisted rock — red, yellow, and black. Where the material erni)t<*d is 
only loose dust and lapilli, the sides of the crater arc slo]>es, somewhat 
steeper than those of tlie outside of the cone (see Fig. 50). 

The crater- bottom of an acti\e volcano of the first class, when 
quiescent, forms a rough plain dotted over witli hillocks or cones, fr(»n. 
many of which st.eam and hot vajionrs are ever rising. At night, the 
glowing lava may be seen lying in these vents, or in fi.ssurcs. at a d«'|tth 
of only a few b'ct from the surface. Occasional intermittent eruplions 
Uke place and miniature cones of .slag and scoria* arc ihiown uj). In 
some instances, as in the vast crater of (Jnrung Tcngger, in .Iu\a, the 
crater-bottom stretclies out into a wiile IcicI waste of volcanic .sand, 
driven by the wind into dunes like those of the African deserts. 


Among the eratt'r Itcuring \olcanoes there is usually at each mountain 
one chief crater, often also many minor ones, 


of varying or of nearly cijual size. The volcano 
of the Isle of IIouiIhjii (or Ivrunion) has three 
craters.' Not infre(|Ucntly craters appear .sue 
cessivcly, owing to the blocking up of the pipe, 
below. Thib in the, accompanying plan of tlic 
volcanic cone of tin* island of Viilcanello (Fig. 5-1), 
one of the Lipari group, the volcanic funnel has 
sliifted its position twh-e, so that three craters 
have succe.ssively a])j)eared upon thi* lone, and 
jiartially (A'erlap each other. A large \olcano 
like Ftna, itcsidcs its main cratei, is sometimes 



crowded all over with small subsidiary cones communicating directly 


with the interior through the flanks of the <*one, while sonn'times smaller 


vents establish themselves for a time on the surface of flowing laia 


streams. Such parasitic cones are referred to on p. 551. 

As already remarked, many important volcanoes, some of which still 
display activity, are without any crater. This f<‘ature is well displayed 
by the extinct trachytic pnys of Auvergne, where the molten r(K;k a|>j)(*ars 
to have risen in a ptsty condition, forming rounded domes, hut tiot flow- 
ing over nor jire.sentitig any eruptive ]>asjn on the top. Mount Aiarat 
ha.s no crater, hut so late a.s the year lf^40 a fissure open(*<l on its side, 
whence a considenihle eruption took place. The rno.st imposing giouji of 


’ For information ri->;iiri.ting this rotcanic islaitiJ, mc it von in oW. 

Rndutanst. Wr>, p. 266, ami in Mut. MiUhe'L lS7fp f:p, ]>. 217 (Ij, p. :J9 ; 

and his work, 'Die Ins«fl Reunion (Rourtion),’ 4to. Vieiiiuu 187s. ('. Vi-lain, * Deseiiption 

g^ologique de la Presqu’ile d'Aden, de file de la III union, Ac.' I’ani, 41o, 1878 ; and bis 
work, ‘Le« Volcans,’ 1884. 
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craterless volcHiiic cones is prolwibly that presented hy the great chain of 
the Andos. A?nong the volcanoes of Ecuador, T)i. Stiilxd distinguishes 
fourteen types, which he names after the niount;iins which host display' 
these resiicctive characters. Of the.se tyjie.s a few p(».sse.ss summit craters, 
some show VH.st caldenw with an opening on one side, but some of the 
most colossal, incliidijig Chimborazo, ai'c vast domes Avith no cratei', while 
others present at their summits a huge pyramid of n)ck.‘ The same 
author remai ks that in the building up of volcanic mountains cratei s may 
play a part, but that they are not essential, atid that in Ecuadoi’ gigantic 
accumulations of volcanic material ha\e ]»een formed without them. 
Their presence or absence probably depends mainly ou the extent to which 
the underlying magma holds ab.sorbed elastic vapours. • If these vapours 
are ])resent in large abundance and endowed with explosive enei’gy they 
will probably lilow out the outer part of the terre.strial crust afid con- 
tinue to keep the top of the volcanic chimney open by repeated clearances 
and the conse(iuent formation of a growing crater. If, on the other 
hand, their (juantity is comparatively small and their energy feeble, they 
may give rise to no ex|>losion, ami the hna may emerge with ctmipaia- 
tive tranquillity from openings on the side oi caimi on the summit of 
the cone. 

The following are the leading typch of volcanic craters and cones : — 

1. ExploBion-craters, Ci'at«r-lakM. ll has ocrasioiuilly IiMppcneil that a volcanic 
eru|itioii lew conmsted only of one tiiin'>ient evplosion, wheu-hy an opening Inis been ilriilfil 
to the extcrnul atinospheie, Imt witliout the oiitbni.^t of eithei Aolcanio ashes or la\a 
In wiieh a ca.se tho niateri.il bioken np lioni tlie onliei' lias falb'ii iiijinetliately aioniul it. 
gtttlieiing into a low rim, or haa been so tntuiated by the violence oi contiimaiu'e of tli<‘ 
c.Kplosion.s as to be in gieat inea.snre dis[>eihe(l ovlm the snriouiHling eountiy. The form 
of tli« eiivity IS geiieially oiieiilai, and Us si.-e iinxy lange from a few A.iida to seveial 
miles. In the end, after peihajis ,i subsidenee ot the fiagmentary inatoiials in the vent, 
and eu'ii of tho sides of the oritiee, watei supplied b) luiii and tilteiing tioin the neigh- 
iMinriiig gnniiid may partially, or wholl\, till up the ea\it>, so as to produce a lake 
eitlici with or without a visdde outlet I'lidei favoniable » ircuiiistaiiees, Negetation 
creeping over baio eaith and stone may so ooiieeal all evidonce of the oiiginal volcanic 
action as to make the quiet sheet of watei look as if itliad always been an essential pait 
of the land.seajH'. Kxplosion-lakes ((’latei-lake.s) of this kind occur in ilistiicts of extinct 
volcanoes, as in the Kifel [iiituui],- ('eiilral Italy t llolseiio, liiaeeiano, Albano, Nenii, 

' V'nlkaiib. KcUfidot,’ p. .T.dk Stubel i kssscs In-. tiiiMiogeiie loKalna s m scvcial type-^, 
inehidiiig Hottiessed e«im‘s, some with a .-'niiuiiit eiater ami others a summit |)ynmud ; 
(’aldera inoimUins ((oUc, p 2l>0) ; Dome mountams (('lnnil>orn/.o) Ills polygene \oIeanoes 
he groups under one t>pe. all showing traces of .i central monogene cone (Cotopaxi, Tnngu- 
nigiia, Sangay), /ec. nf Von Seebach {K. h. (•', if. win. p. <»! 1) distingnislied two volcanic 
typx's:— 1st, JU'diictf (Str.rto-Vnlkane), composed of sncce.s.sivc .sheets of l.iv.s and 

tuft's, and embracing the great inajoritv of volcanoes. 2ml, Ihiiiif Volcutuie.'i, foiming hills 
coinposi-d of homogeneous protrusions of lava, with Utile or no accimiponyiiig fragineiitaiy 
diseliaiges, vritlioiit eiaters or chiiniiej.s, or at least with only minor examples of these 
volcanic features. He believed that the same volcano might at ditfereiit jhtichIh in its history 
Udoiig to one or other of these tyjaxs the detennining can>'e liemg the nature of tlie eniptevl 
lava, winch, in the ease of the ^lonie volcanoes, is less fusible and more viscid than in that of 
the lasldetl volcanoes. (!^ee l>elo\v, under “ l^ava-coue'.") 

- For works on the eroter-Iakes of the Kifel di'liict see the reb iviices at tin* foot of p. 271. 
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Auvergne. Tlie cniterifonn liollow the (Jour lU* Ta/ianat (67 metres dt'i p), 
in Velay, has a diameter of half a milo and lies in the gj-anite ; while another cavity near 
('onfolous, on the left Iwink of the Loire, has also been blown out of the granite and haa 
given ]*assage to no volcanic matonals, but onl) to bioken u}> granite.- Othei illnstra- 
tions in ('eiitral Franco are to be found in the Lakes of Tavin (!t‘2 un tic'. deep), Ch.iiivot 
(6'J mctresi, Ispaih' s ilOS metres), .md Fenand. ' 

A reniaikable c\ainj>le is supplied by the bmat liake in the Imliaii is'tiinsiila, half 
w.iY between llolnbai and N.iu'pnr,* It lies in tlie midst of the voleanie plateau of the 
D-eean traps, which extend aioiind it h>r hundieds of miles m neaily Hat Iwils that 
slightlx dip away fiom the lake. \n .ilinost » in ulai depiession, latiiei nime than a 
mile in diaim tei, and flom 300 to 400 fis t deep, t,ontains at the bottom a .shallow lakoof 
biiter saline watu, depositing ei^staK of tiona (native eaibonato of sods, the tufniiK of 
theaneients). Kveciit to tlie north and north east, it i.s eiieiioh'd with a raised rim of 
iiiegnhuly piled blocks of basiilt, identical with that of the beds through which tin- 
e.ivity has bei n opened '['he iim never exceeds 100 feet, and w often not moie than 10 
or TiO feel in h< iglit, and ('iinnot lontain a ihoiisandlh pait ol the niiiterial whnh once 
tilled the eratei. No other evidence of volcanic disehaige Irom this vent is to be seen. 
Some of the I'oiiteiits of the e.aity may have been ejeetisl m line |taitieh s, which have, 
suhsei|H('ntly been lemoved bv denudation , lull it seems moie piobabh that the exist- 
mn i; ot the eavit) is m.tinly due to subsnlenee alti i the tinginal » \pl(»sion ' 

Another sinking illustration of the same strinduie \n to he loiind in the Coon I’lille 
oil the and lime.stone plains of noith-eastei n Aii/ona. The diametei ol the bowl Ironi 
iim to lim IS .iboiit ihiee <|naiteis o| a mile . its ilepth below the < lest of tlie iim is fioin 
.'“i.'iO to 600 let. The I iin itself nvs (loin ll'tOlo ‘JOO Pel above the level of lh' pkllll 
.iroiind, and tsms'sts of limestone stiat.i tiiine*! up so as to dip away sleepiv fiom the 
ludlow on .ill sides, .ind eoveied by .i mantle of loose blocks of limestone and sand- 
stone, some of wlindi aie 100 leet in <li.imetei Some ol tlie si.itteied h.ignients ate 

lound as III as thiei miles .ind a half horn the pl.u. .<0 ni.iiiy Iragmeiils of 

ineleoin non li.ive hi eii lound on the plnnaiound ih.il the idea was snggi sti-d that 
the depiesMoii had been laiisetl li\ the impot ol a iii'tioiite A e.irefiil siiivey ol the 
glouiid by Mr <i K. Cllbill led to the .ib.indolilnenl ol this expianiltioil. Within 
.1 r.idms of lifi y miles then ue hundieds el Xoh anie i cuts who h lnve been intive in 
geological time, and tliete stems no le.tson to doubt ll1.1l ihe Coon Ihillt; was suddenly 
blown out bv a gnat exjdosioii ot pent up loli'iinie \apoui, as iii the 1 xani|des alieady 
HUoted *' 

N'oitli Ameiie.i has onh one kmoMi < i .il< 1 hike, hut it is one ol tin- most jiu'tnreMjue 
111 the world Iteeply si t Hi tin siinimit ol the C.'is( ,ide K.inge of southern Ongoii, 
Its nni uses lOO'i led ahove the gemi.il 1 * vi 1 ol tlie 1 mge, and fioin ftllb to UlMI 
led above the <ilcul.ll sheet ol water, .ilioilt si\ miles III dl iineter, whliil it im loseH 

'I'lie lake IS gOOO bet deep .lud tlie pit oi b.ism 111 whieli it lies h.ls its bottom tDOO lei-t 

below the sui I outidiiig ciesi. The iim 's wlodlv ((nii)tosid of l.iva slieds .iiid ledsot 
Voleanie coiigloiiieiate, .md tin- ahsem e ol the aci urniilalion of ch liiis, whnh would liave 
hem looked foi had tin basin hei n < ili'-ed mlin tv hy explosion, has h-d to the In lief 
th.it though tin oiiginal vidiann' inoiintaiii, tin- nval of any ol Ihe reiii.nning volcanic 

' li. di .\go>tini ( //o//. .'we . f/Vie/o'/. I>i'l 1 ''••Sj tiix 111 I'le a hvdiographn 1 xploratioii 
ol till ' I. iter-l.il.es m the provniii of lloine. 

Toiirmtne, /.' .S f/. /’ xxvi )i lino , Danbiie. t /<«</ Is'.Mi, p. 

• A. I)e|el«-r-iiie, * Le- l.:i< s Frain ai'.’ Tails. I p. gh'i. S'io|i(.‘ Volenioi of I'nitnl 
Kl.un e,' pp. «L 115, Id. la-i mi. ' rpo'pii . s ol-..i.nn .. ile I'Auvei ,.<],• .' tome iv 

' S'e .Midi oliiivin. T>«n'. <.'.<//. ,'v«. iii'l r v<>l, v. ]<. .'.62; Midlnotl nini Hl.intoid, 
‘ ecology ol linba.’ (i. 37‘‘ 

' Tills eavitv ma\ )»<»"ihlv mark mie of the vml. fuiin whieli il»i ba^dt H'mmIs issnecl 

*’ (1. K. Cilbert, I’resniential .\d<lress, (Jeol Sm . \\ Hslnngtoii, Mu<li lHh6. 
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conea of the region, mAjr have been blown away by a gigantic explosion, the deep Crater 
Ijoke, as it now exists, haa probably been produce<I to a large extent by subsidence. ^ 
Many volcanic cones have been eviscerated by one or more gigantic explosions, the 
bottoms of their craters have been blown out, and sometimes as much as half of the cone 
bos Iwen demolished, leaving a huge caldrondike hollow partially encircled by the 
remaining crater-wall, and bearing a far larger proportion to the size of the surrounding 
cone than an ordinary crater. Snob a condition is known as the Caldera type of 
volcano, after the mugniticent example of it in the island of Palma, one of the Canary 
group. This vast cavity is from three to four geographical miles in diameter, and is 
surrounded on all sides but the south-west by a range of precipices from 1500 to 2500 
feet in vertical height, and rising along their higher summits to more than 7000 feet 
above the sea.® The Val del Bove in Etna is another well-known instance of a caldera, 
and even more familiar is the Atrio del Cavallo that lies between the modern cone of 
Vesuvius and the more ancient crater-wall of Somma. The type is well illustiated 
among the Ande.s. In Ecuador, Dr. Stnbel enumerates eleven e'camjde.s of it. Of tho.se 
the most perfect is Rumiflahni, the nator-wall of which uses upwards ot 800 metres 
above, the bottom of the caldera to a height of J757 metres above the sea. In two casi-s 
(Onagna-Pichincha and Pulnlagna) an eruptnc cone has been foimed within the 
caldera.J The groat explosions of luakatoii and B.indaisan (pp. 290, 291) hfi\e taught 
us liow such vast cahlron likc cavities may be }troduced within a few boms liy sudden 
exjdoHions, It is possible also, as .ibove state*!, that in some eases the depth of the 
hollows ha.s been increase*! by a .subsi*len*’e «»f the bottom, like that which appears to 
have oecnired at Kiakato.i. 

3. Conea of Non-volcanic Materials. These aie due to the discharge pf steam or 
oth*‘r aeiiform pio(lu*;t thr*>ngh the solid ernst witlumt the emission of any true ashes or 
lava. The matcruls ejeete*! fiom the cavity aro wholly, or almost wholly, paits of the 
iurronmling rocks through which the volcanic pipe has been *liilled. Some of the cones 
suirouiuling the crater lakes (mm/e) of the Eilel consist <-hielly of fi.agincnts of the 
underlying l)ov*>nian slates (p. 291), wliilo some of those in Central Fiance aie bmlt 
up mainly of granite. Such cones probably imlicate biief explosmins. KvampUs of 
similar <'onditions of eruption are furni.<«ln‘*l among tlm Carbonifeious and later volcanic 
vents in Cential Scotland, where the funnels ot di.s<'haige are now fouml tilled wholly or 
nearly so with fragments of the strata Ihiough which they have been drilled. 

3. Tuff-conss, Cinder- cones.— Successive eruptions of line dn.st and stones, often 
rendered pasty by mi.xture with the water so copiously condensed during an eruption, 
form a cone in which the materials are solhlitied by pressure into tulT. Cones ma*Ie up 
only of loose cinders, often arise on the flanks or round the root.s of a groat volcano, as 
happens to a small extent on Vesuvius, and on a larger scale upon Etna. They likewise 
occur by themselves apait from any lava-pioducing volcano, though they often afford 
indications that columns of lava have risen in their funnels, and even now and then that 
this lava has reached the surface. The cone of Monte Nuovo, already referre*! to, is a 
typical example of this structure, and has peculiar intere.st ami value, ina.smuch as its 
eruption was actually witnessed aud de-senbed (/vifc, p. 290).^ It is a memorable example 
of the rapidity with. which a considerable monticule of tragmeutaiy volcanic materials 
may be thrown up and of the transient natuie of the eruption,® 

* J. S. Diller, Aj/wr. Joiint. Si'i. lii, (1897), p. 165. SjaHual map, .seetimi and description 
published by the U. S. Geol. Sur\ey; also JVat. Geoyn/j/h. Mmj., Washmgton, Feb. 1897. 

* Lyell, ‘ Elements of Geology,’ e«Ut, 1865, p. 621. 

* 'Vulkaub, Ecua*ior,’ pp. 166, 400. 

* Some ytarliculars in regard to this cone will be fouml in the paper by G. de Lorenzo 
cited on p. 29D. 

* On the transient character of the volcanic action in the case of tuff-cones, see Bishop,. 
ylMcr. Oeof. xxvii. (1901), p. 1. 
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Another bittorioel example of the formation of n Tolcauio hill of a aomewhat ^iflerant 
type at a place where there had been earlier eraptiotia, but poatibly before the human 
period, is to be seen on the peninsula of Methane in Greece. At that place, in the third 
century B.C., a hill of andesite blocks with a crater on the top was piled up to a height 
of 416*9 metres above the sea. As at Santoriu, the lava apj)ears to liavc risen to the 
surface as a cone or dome, which broke up into large angular blocks and sent a long 
stream of andesite into the sea. The flanks of the eminence have a 8lo|)e of 37*, and are 
surmounted by a crater lOO to 150 metres in diameter, and from 00 to 80 metres in 
depth. ‘ 

The cones of the Eifel district have long been celebrated for their wonderful perfec 



Fi>?. 55.— View of the Tuff-cone* of Aiuerjjne, taken fn>iii the top of the cone ainl craltr of I’uy I'arlou. 

tion. Though small in si/c, they exhibit with singular clearness many of the leading 
features of volcanic structure. Those of Auvergne (Fig. 55) are likewise exceedingly 
instructive.’ The high plateaux of UUli are dotted with hundreds of small volcanic 
cinder-cones, the singular psitioris of which, close to the edge of profound river -gorges 
and on the upthrow side of faults, have been noticed by Captain Dutton. Among 
the Carboniferous volcanic i wks of Central Scotland the slumps of ancient lufT-conss, 

* A graphic account of this eruption is given by Strabo (i. 3, 18). It is more jjoetlcalljr 
and inaccurately described by Ovid (Mftamorphmfn, xv. 296-306). In moiiern times its 
site was first identified by Professor Fouqufj{f ';»i/>f. rrml. Ixii.pp. 904, 1121) ; /ferue tlndeux 
Mornkt, Iviii, (1867), p. 470. Tlie site was visited by llciss and Slubel, ‘ Ausfiug nacb dsn 
vulkanischen Gebirgen von Aegiua und Methana,’ Heidelberg, 1867. 8ee also K. von 
Seebach, Z. D. G. 0. xxi. (1869), p. 275 ; Neumann and Partsch, ‘ Phys. Oeogr. Oriechenland,' 
BresUu, 1885, p. 306 ; H. 8. Washington, Jmrn. Ofd ii. (1894), p. 789 ; iii. pp. 21, 188, 
where a detailed petrograpbical description of the volcanic rocks is given. 

* F'or the Eifel cones see the works cited p. 271 ; for those of Auvergne, the references on 

p. 280. 
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I'requently with a central core of basalt, or with dykes and veins of that 
rock, arc of common occurrence J 

The materials of a tuff-cone are arranged in nmre or less regularly 
stratified beds. On the outer .side, they dip down the slopes of the cone at 
the average angle of repose, which may range between 30 ' and 40^ From 
the .summit of the crater-lip tliey likewise dip inward toward the crater- 
bottom at similar angles of im lination (Kig. 56). 

4 . Mud-cones resemble tuff-cones in form, imt arc usually smallei' in 
si/e an»l less steep. Tliey are produced by the hardening of suece.ssivc 
out[)ouring.4 of mud from the orifices already described (p. 318). In tlie 
region of the Lower Indu.s, where they are abundantly distributed over 
an area of 1000 stpiare miles, .sonic of them attain a height of 400 feet, 
w’itli craters 30 yards across.- 



Kik. ’.f. Scot lull 'lain iiin.iflliu Maud u( \ iilt iiim 

<1, Ol.lfi lull , I, li, suiiii^iT ashes . the cmler lies to the i i^lit 


6. liAva cones Volcanic cones composed entirely of lava aie com- 
jiarativcly rare, but occur in some younger Tertiaiy and modem voh'anoes 
Fomiuc (lesciibes the lav.a of IMHO at Santorin .is having foimed a dome- 
.shaped elevation, llowing out ipiictly and r.ipidly without explosions. 
After seveial days, howevei, its emission was aeeom|i.anied with copious 
disoliargcs of fragmentary mateiials and the formation ol seveial ciateii- 
forin mouths oii the top of the dome. Where lava possesses extreme 
liquidity, ami gives rise to little or no fiagineiitaiy matter, it ma' build up 
a Hat cone, as in the remarkable examples of the Hawaiian Islands.-* On 
tlio .summit of .Manna Loa (Kig 57), a Hat lava-oone 13, 700 feet above the 
sea, lies a crater, which in its deepest pait is aliout 8000 feet broad, with 
vcitical walls of stratilied lava rising on one side to n height of 78 1 Icot 
above tiie black lava pl.iin of the ciatci -bottom. From the edges of this 
elevated caldron the mountain sloi»es outwaid at an angle of not more 
th.%u d , until, at a level of about 10,000 fiet lower, its surface is indeiiled 
by tlie vast pit ernter, Kilaiiea ^Kig. .’.8), about two miles long, ami nearly 
a mile broad So low are the sunoumling slopes that these vast i rateis 
iiave been eompared to open qiiairies on a hill or mooi. The bottom of 
Kilaiiea is a lava-i»Iaiii. dotted with lakes of extieim-ly Iluid Ia\a in con- 
stant ebullition. The level of the lava has varied, for the walls smionml- 
iiig the fiery Hood eomsist of beds ol similar lava, and are inaiked by ledges 
or jilatforms indicative of former successive heiglits of lava, as lake- 
terraces show former levels of water. In the accomjiauying section (Fig, 
:>9) the walls rising above the lower pit (/>;/) weie found to he 342 teet 


' 7^'itns. Nok. Sf. Kiim. xxix. p. 4o.'i. ‘Am lent Volcanoes of (iieat Britain,’ chaps. 
V. xxvi. xxviii. xxxi, xli. Compire W. Br.uu-o, * SeliwaWiis l‘>7i Vulkau euiliryoueii.’ .Stutt- 
gart. See Boi>k IV. Part VII. * Lm-H. ‘ I’riiiciple.s' n. p. 77. 

^ Wilkes^ of l\ S. Ktithrmy hU}hihfo>ii, 1838-42, ami Dana's ‘ Cliaracteristics 

of VoleaiuH's.' See the woiks ntetl on p. 317. 
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high ; thoBe bounding the higher terrace (o n «' o') were 650 feet higli, all being conn>o«ed 
of innuroornble beds of lava, as in cliffs of stwtitie<l nH'ks. Much of the bottom of the 
lower lava-|)lain has been crusted 
over by the solidification of the 
molten rock. Hut large art'as, 
which shift their position from 
time to time, remain in {H!i|u‘tual 
rapid ebullition. The glowing 
Hood, as it Iwils up with a tluidit} 
more like that of water than what 
is commonly .shown hy molten 
lock, surges against the aunound- 
ing tenace-wralls. Large segments 
of the cliffs, undermined hy tlie 
fusion of tliuir ha.se, fall at intervals 
into tile fiery waves and are soon 
melted, Ohservations by Captain 
Dutton in 1HS2 indicafed at that 
time a dimiiiutiuii ol tlie activity 
of tins lava ■ cratei. In Iceland, 
aii<l m the Westcin Teiiitones of 
North Ameiica, low domes of lava appear to mark the vents liom wlinli extensile 
li.isaltdloods liAve is.sue(l 

Where tlie l.i\a assumes a moie viseid cliaraetei as in tiaehyfe ami ]i|ianle. dome 
shaped eniinences may be prolrude<l. As the jui'ty mass increa.ses in si/e hy the. 
iipiise of fre.sli material fiom below, the outer layei will be pushed oulwaiil, and sm ■ 
eessive .sliells will in like manner be enlarged as the eruption a<l\aiices. On the 
cessation of (liscliaigcs, we may conceive tliat a voluniit' hill formed m tins way will 
present an oinon-like ariangemcnt of it.s eoniiHmeiit sheets of loek Mote or less ]M«ife('t 

examples of this structure have been 
obsMved III Hohemia, Aiiveigiie, ami 
the Klfel.'^ The traclivtie domes ol 
.Diveigne foim a couspieiioiis featiiie 
Hiiiong the enidcr-eoiies of tliat legion. 
Huge conical jiiotiiberances of giaiiophyic, jtossibly of somewhat similai, but not 
siipeiticial, ongin, occur among the Teitiau lohanio rm-ks ot the Inner Hebrides, 
and hills of lipaiite rise tlirnngh the basalts of leclaml.* 

Among the giant volcanoes of the Amies e\.iniple.s occur of lava pyramids and domes 
rising high above the sui rounding ••onntiy Among thosi' of Kcuudoi, fdiiinbora^o 
(6:{10 metres, 20,7(12 feel) presents a reinaikabh’ unifoimity of stiucture, as if it weie 
the product of a single outbuist or protrusion of lava Not only does it possi'ss no 
crater, but its mass of solidified la\a vastly exceeds that of the fragmentary imitenaU.'* 
No eiuptioi) 18 known to have ois iirred from it Him-e the discovery of America 

' For more recent maps Nhowiiig the variations n| tins crater, m-c Dun.aV papers m 
Amo Joi'ni. Sti. quoted on )>. 2H2, and his ‘ Chai.ielerisln s.’ 

- E. Keyer (Jafirh. (ifnl, Jieirks. 1H79, p, 46.'D has exjMTiiiieiitally imitated the jirocess 
of extrusion liv forcing up plaster ot Paris through a hole in a l>oard. Hw also K. Howe, 
V/st Ami. Rep. U S. (i. S. part in. (1901), p. 291. For drawings of the Pny de Sarcouy 
and other dome-sliaped hills whnh presuniiibly have h.id tins mcnle of origin, see Scrope's 
’tieology and extinct Volcamn-s of Central Frame.’ Itefcr alw to the remaiks aheady 
maile on tlie liquidity of la\a {tmte, j>. 301). 

Aiieienf VulmiuifH of iiieut /Jn/o/M, chaps. xh.'Xlvii. 

* .SIuIh. 1. 'Vulkaub. Ecuador,' p. 213. 
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Unddr the head of "Masaive” or Homogeneous” volcanoes some geologists have 
included the bosses or dome-like projections of once-melted rock which, in regions of 
extinct volcanoes, often rise conspicuously above the surface without any visible trace of 
cones or craters of fragmentary material. The.sc have been regarded as protrusions of 
lava, which, like the trachytic Puys of Auvergne, assumed a dome-form at the surface 
without spreading out in sheets over the surrounding country, and with no accompany- 
ing fragmentary discharges. Rut the mere absence of ashes and scorise cannot be regarded 
as in itself an always reliable proof that these did not once exist, or that the present 
knob or boss of lava may not originally have solidified within a cone of tuff which has 
been 8 ub 80 (|uently removed in denudation. The extent to which the surface of the 
ground has been changed by ordinary atmospheric waste, and the comparative ease with 



Fig, (K) I’laii of tho l'«ik of TenenflV, nhowlng the laigc ciatcr hiuI minor coner. 


which loose volcanic dust and cinders might have been entirely removed, require to be 
considered. Hence, though the ordinaiy explanation is no doubt in some cases correct, 
it tnay bo doubted whether a largo proportion of the examples cited fiom the Rliine, 
Bohemia, Hungary, and other regions, ought not rather to be regarded, like the “necks ” 
so abundant in the ancient volcanic districts of Britain (Rook IV. Part VII.), as the 
remaining roots of ordinary volcanic cones. If the tuff of a cone, up the funnel of 
which lava rose and solidified, were swept sway, we should find a central lava plug or 
core resembling the volcanio “heads" {vulkanischc Knppen) of Germany. Unquestion- 
ably, lava has in innumerable instances risen in this way within cones of tuff or cinders, 
partially filling them without flowing out into the surrounding country.' 

6. Oonaa of Tuff and Lava. — This is by far the most abundant type of volcanic 
structure, and includes most of the great volcanoes of the globe. Beginning, perhaps, as 
mere cones of fragmentary materials discharged by the first explosions, these eminences 
have gradually been built up by successive outpourings of lava from different sides, and by 
showers of dust and scoriae. At first, the lava, if the sides of the cone are strong enough 
to resist' its pressure, may rise until it overflows from the crater. Subsequently, aa the 
funnel becomes choked up, and the cone is shattered by repeated explosions, the lava 

' Von Seebach, Z. D. O. G. xviil. p. 643. F. von Hochsteltor, Xeuts Jahrb. 1871, 
p. 469. Reyer, Jahrb. K. K. dfol. Rfichmnstalt, 1887, p. 81 ; 1879, p. 483. 
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finds ^rets from different fissures and openings on the cone. As the mounUiit im reases 
in height, the number of lava-currents from its summit will usually decrease. Indeed, 
the taller a volcanic cone grows, the less fretjueutly as a rule does it erupt. The lofty 
voloanoes of the Andes have each seldom l»eeii more than once in eruption during a 
century. The i>eAk of Tcneriffe (Fig. ($0) A\as three times active during 370 year.s piior 
to 1798.* The' earlier efforts of a volcano tend to increase its heiglit, as well as its 
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breadth ; the later eniptioms chiefly augment the bieadth, ami are often aj»t to diminiNli 
the height by blowing away the upjver jiart of the cone. The fonnation of fissureH and 
the consequent intrusion of a network of lava-dykes tend to bind the framework of the 
volcano and strengthen it against sulwequent exploMions. In this way, a kind of 
oscillation is established in the form of the cone, pnmls of crater-eruptions lieing 
succeeded by others when the emissions take place only laterally {an/e, p. 288). 

One consequence of lateral eruption is the fonnation of minor jiaraaitic cones on the 
flanks of the parent volcano (p. 326). Those on Etna, more than 200 in numlter, arc 
really tniniatnre volcanoes, some of them reaching a height of 700 feet (Fig. 61). As 

* For a recent account of Tenenffe, see A. Rotliplelr, I'ftemutun $ MilUinl. xxxv. (1889), 
p. 237. 
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the lateral vents successively liocome extinct, the cones are buried luider sheets of lava 
and showers of dtdjrw thrown out from younger openings or from the jKirent cone. It 
sometimes happens that the original funnel is jlLsused, and tliat the eruptions of the 
s X volcano take place from a newer main went. V'csnviu.s, for 



c\amplc (as shown in Figs. 44 and 62), stands on the site of 
a portion of the rim of the more ancient and much larger 
vent of Monte Soinrna.' The jiresent cratei of Etna lies to 
the noitli-west of the foimer vaster crater. The pretty little 
example of such sliifting of the crupti\c oiitice furnished liy 
Vulcanello has been already noticed (p. :J2’i). 

Wliile, thereloie, a volcano, and more pacticuhirly one of 
great size, throwing out both lava ami fragmentary materials, 
18 liable to continual modification of its exteriml form, as tlie 
lesult of siieee.ssive eiuptions, its contour is likewise usually 
exposed to extensive alteration by the effeebs of ordinary 
atmo.spherie erosion, as well as from the conden.sation of tlie 
volcanic vapours. Heavy and sudden floods, produced by 
the rapid rainfall eonseiiuent upon a copious discharge of 
hteam, rush down the slopes with such loliime and foieeas 
to cut deep gullies in the loose oi only [laitially consolidated 
tuffs and Bcoriie. Oidinary lain continues the erosion until 
the outer slopes, unless occasionally renewed by fre.sh shouets 
of detritus, .issiimo the ciiiiously trenched a.spcct already 
noticed, like that of a hall-opeueil umbrelhi, the ridges being 
sepaiated liy furiows that iiuriow upwards towards tlie sumniit 
of the cone. The outei declivities of Monte homma aUbnl an 
excellent illustiation of this foim of siirf.iee, the niimeious 
ravines on that .side of the mountain pieseiiting iiistriictivo 
.sections of the pie-histoiie lavas ami tiills of the e.iiliei and 
more importunt perioil in the history ot this voh'ano." Similar 
trenehcH have been eroded on the southein or \’csnvian .side 
of tho original cone, but these have in gieat measuie been 
tilled up by the lavas of the youngei mountain. The ravines, 
in fact, form natural ehaiimds for the la\.i. as mav un- 
fortunately be seen round tho Vesiivian oh.sei vatoix . This 
building is placetl «>n one of the iidges between two deep 
iMvines ; but the hua streams of recent yeais have poined into 
these lavines on either side, and aie rapidly filling them up. 

Submarine Volcanoes.'' — It is not only on the 

‘ Aiiotlnr huge volcano possessing mm li smnl.'intv in stun • 
tare to Vesimus is .Monte Vulture, whuh lies to the e.ist m the 
middle ol the pemiisut.i Its sirmtiiie h.'is ttoeii well woiked 
out l)y (b <le lioren/o, At(i AnnJ .si;,, Naples, \. (IPOO). p. 
20S ; and a eomp.iiison f»elweeii it ami Vesuvius liy the s.ame 
writer will th' found in Acmtl. Si., Naples. Nov. IflOl. 

* ISee H. J. Johnston- I juv is, J. (i. S. .\1. (1S84), p. Iti3. 
It. T. (iiuitlier on tlie denml.iOon of the volcanie distriet of 
Chamaldoh. Jiwi'ii. Nov 1807. 

•* nie known ex-sinples have l>een collected by K Hudolpli in 
his papers “relxTsubniariue KidlieWii uml Eniptioncn,”/lci/ce 7 c 
xnr Oeophyad, Ixupsig, i. {18S7). pp. 133-36o {esj»eeuilly pp. 226* 
250 amlthe map m Plate vii.); li. (189.')), pp 537-666; lii. (1898), 
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surface of the laiul that volcanic action shows itself. It takes i)lHce like- 
wi.se on a vast swile undor the sea. As the "colojjical rcconls of the 
eiifth’s past history are chiefly marine fonnatioris, the characteristics of 
submarine volcanic action have no small interest for the geiflogist. A 
few instiuice.s where the actual outlu-eak of a .submarine enij)tion has 
been witnessed, or where the scene of the eruption vas ^isited immediately 
after, may liere l)e cited, together with some examples (jf the elevation of 
submarine volcanic accumulations and their dissection by the sea. 

In the early siuniner ol 17Sa, a \o1(.anu' eruption took plnof about tliiity inilos liom 
Cape Koykjaaoes on tlio west coast of Iceland. An island was l»uill up, liom which ‘ lire 
and smoke” continued to ksiie. but in h-ss than a>eai the waves had washed the louse 
pumice away, leaving n .suhmeiged letd tiom ti\e t<» Ihuty lathoms helow sea level. 
About a month aftci tins eiuptmn, the fiightfni outbreak neai Skapl.ir Joknll, aheudy 
rcfciied to (p. :500), begun, the distumc of tins nioiinlain fitim the siibniaiine vent being 
nearly ‘200 miles.' A eenlury aft. i waids \i/. in .hily 1S81. unolbei voleiinie ishiml js 
said to have been thrown up m-ai the v.me spot, having at liist the form of a Ihiltened 
.one, hilt soon viehiing to the |K>wer ol the Ineakeis In May iTOd, ahoiit 40 null's 
(lilt in I’onng Sea to the west of rnalaska. a voleano JlogosloH bioke out with gieat 
viuleine, tliiowing stones as fui as rmnak. a distam e of ;t0 miles The voleanie pile 
lontinued to iiicnase in si/e until ahout isjd. At itsinavimum it is said to have iviiched 
a height of li.'')00 feet, lint when its aetivitv waned, it soon h<'gan to >iehl to tlie attacks 
of the elinuite and the sea. So lapid is the .bray ol the loek that when a rille-.shot was 
tiled into a lloek of sea-hiids ami caused them to use, “small [•leces ol stone wei< 
det u lii'd, and in turn di.sjdaeed hiigei pie.es, until a peifeil avalanche ol stone came 
down the dH livily. seoniig gie.it nits in the hillside ami tearing up gieat masscH of 
stone, which weie clashed to pieces on Ih* slioie In low.” Half .i mile to the iioilli- 
west a iii'W volcano ajipeaied, the aetnal outhieak <d’ which was not seen, hut which 
w.is tiist ohseived in full ailivity in .Septeiiihei ISHd It h alKiiit aUO feet high, hut 
its .otivity IS lessening, and it apjK-ais to he dimiiiishing in si/e. A pietuiesijiie Htiiek 
I. lilt'd thi‘ .Ship Kui k, which once rose hetween tin two vohanoes Init lias hecn 
deinohslied liy waves and weatlici, piohahly maiked an eiilni vent A lateial shift ol 
the funnel piodiieed the I’ogoslul voleano o| whilr aiiotln i ulteialion gave use to 

a tliiid volcano the new Hogoslol o| ls,s;{ .s,, |M)Wei lul .ne the fortes oj deninialion in 
this region, th.it tinle.ss the voh nine eiiergv lepaiis the losses l»y piling np liesh muteiial 
the islands must hefoie long disuppeii 'file hiv.i t nutted heie is a hoinhlende andesite ' 

Many suhmanne eiuptions have taken place within hisiout times in the Meiiitei 
lanean 'flie most noted of thiso tveeiiiitd in tin veai IMJl, when ii new voluiiin 
island idraharn's Islami, Isola Feiilinande i. Ho .luli.ij w.is thiown up, with ahiindant 
tlisehaige of steam and shovvei.s of seoii.e, helwten Sicily and the (oust ol Afiica 
It reached an evtienie height of 200 feel o| .ihttve tlie sea level (KOO let t ahove 

sea-hotunn). with a cm umferenee of .‘I miles, hut on the < e.ssation of the eriiidions was 
atUieked liy tlie vv.ives and soon ti* molislicil, liMvuig only a slioul to maik its site.-- 
The isl.ind of I'antelh-ria to the south-west ol Sn ily is entirely of vtileann tirigm, hut 
no eruptions were known to have otenrietl iheie in histoin times, (hongii hot springs 
pp. '278 830 (a tlis< iissKui ol till elleets ol the exjilosuui ol toipe<l(n s jimt mines imdei 
the sea), 

' bvell, ‘ Prim iple^,’ n. p 10 

C. H Merriam iii ‘Alaska ■h.v the Hurriinnn Kvptdilioii,' IjoihIoii, 1002, vol ii 
p. 291. 

■ \V. H. Smyth, I’lnl, Thium. 1882. ('oi’staiit I'levost, ,Iwm. */*.<< Sti. .\ai. a\iv, 
Mim. Sor. Ut'ol. Eitiii'f. ti. p, 91, .Meicalli’s ‘ViiliBnu At.’ p. 117 A bibliograjdiv of 
IJniham’s Island is given m I)r. .IohnsloTi-l..avis’ ‘Stailli Italian \ oleanoes. ' 
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exist, and also emanations of carbonic acid gas. During the summer of the year 18^ 
earthquakes began to be felt, but they ceased until 14th October 1891, when they began 
again with greater violence, and three days later a submarine eruption took place four 
miles to the north-west of the island. The sea was violently agitated, and covered 
with black scoriaceous bombs along a line one kilometre in length, on some parts 
of which the discharges were specially vigorous. The bombs exjdoded and ran hissing 
over the surface of the water with the recoil, but in eight days the eruption ended 



C3 - Skt'tt It of subiimrint* Milcnnic wijUion (S4ibriiia Island) off 8t Mirlia**!'.'!, .luiif ISII. 

and the ejected material disappeated.' In the year 1811, another islaml was formed by 
submarine eruption off the coast of St. Michael’-s in the Azores (Kig. till). Consi.stiiig, 
like the Mediterranean examples, of loose cindcr-s, it rose to a height of about 300 feet, 
with a oircumference of about a mile, but subsequently di.sapjwared.-’ 

In recent years various submarine eruptions have taken place in the I’acilic Ocean. 
The history of one of these in the Friendly or Tonga group of islands has been given by 
Admiral Sir William Wharton.® In the year 1867 a shoal was reported 30 miles west of 
Nomuka Island in that group. In 1877 smoko was observed to be rising from the sea 
at the spot In 1885 a volcanic island, which was named Falcon Island, ro.se from the sea 
during a submarine eruption on 14th October ; it was reported by a jiassitjg steamer 
to be two miles long and about 250 feet high. Next year its length was estimated at 
rather loss than a mile and a half, and its height at 165 feet, with a crater from which 
dens»> columns of smoke were rising. In 1889 it was carefully surveyed by Commamler 
Oldham, R.N., of H.M.S. EgerUi, who found it to be l^ntb mile long and A^hs of a 
mile wide, and to sIojki upwards from a plain a little above tlie sea-level on the north 
side to a height of 153 feet, plunging thence in a line of olitf into the sea. Apparently 
composed of nothing but fragmentary materials, it was rapidly attacked by the waves, 
and while the survey was in progress continual landslips were taking place from the 

* Ricctlk Cf»npt. rrnd. Xov. 1891. Annul, Vff. Centr. Mfifond. e Uemlymtm. ser. ii. 
part 3, vol. xi. G. W. Butler, Saturt^ xlv. (1891), pp, 154, 251, 584. 

3 De la Beche, ‘ Geological Observer,’ p. 70. 

® Xaturt, xli. (1890), p. 278 ; xlvi. (1892), p. 611 ; lix. (1899), p. 582. 
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fftoe of the 8«t*washed precipice. A little steam issuing from cracks in the cliflfs was 
the only sign of volcanic activity. In the autumn of 1892 it was found by a jiasHing 
French war-vessel to be only 25 feet high The place was again examined by an Knglish 
surveying vessel in 1898, and the island was found to have di8ap}K?aretl, leaving only a 
shoal over which the waves were breaking. 

Another example from the same region is supplie<l by the history of Metis Island, 
about 75 miles N.N.E. from Falcon Island. This voleamo islet uas first noticed in 
1875, when it wa.s 25 feet high, which elevation was increased by subsecpient eruptions 
to 150 feet, but in twenty-four years it bad been washed away, leaving only a submerged 
bank ip its place. In these instance.s the erupted materials consisted only of ashes and 
blocks, with no inner plug of lava which would have longer resisteii the jHiwer of 
the wave.s.* 

Among the numerous volcanic groups of islands in the Pacific Ocean no rooks of 
continental types have been fouml, though upraised coial reefs are not infreiiuent round 
their coasts, and marine limestones, probably of Tertiary age, apjtear in some ol them 
A large numlier of these volcanic cones have l)e« n ijuiesceut ever since then discovery. 
Many of them, however, have from time to time Imjcii in eruption, and some arc oun- 
stantly active. A remarkable chain of volcanic vents may Ite traced from the Santa 
Cruz Islands to the southern end of the New- Hebrides group, a distance of 60<) miles. 
Eaoh of the islands apjtears to mark the position of a distinet loleanic oritiec, round 
which solid materials have aecumulated until they liave risen to .sometimes as much us 
4755 feet above the sea (liOjievi). A lew of them are active, and have lieeii the sceiio 
of vigorous eruptions within the last century. One of these jiaroxysms has been above 
referred to (p. 808) as having taken place on Ambry in. New Hebrides, in Octolier ami 
November 1894. This island rises to a height of 4880 leot, but lias originally been 
jirobably at least twice as high. Its central featui»‘ is a vast t ratei live to six miles in 
diameter, the bottom of wliich is a great plain of ashes about 2100 fee.t above sc-a level, 
encinled by a continuous wall of ro(k from 100 to *200 feet high. This huge caldera 
has evidently been laused by some ancient explosion, win reli\ the up]K.T half of the 
cone was blown away. Subsequently two minoi vciit.s hav<' lieen ojK-iied vvilbin and on 
the iim of the original crater, and have each hiiili up a lofty cone with a huge eiater a 
mile in diameter. Signs of volcanic activity in tins island have been lecorded ev(*r since 
the days of Captain Cook fl774). The last etuplion, as vve have seen, was foitnmitely 
witnessed by one of the surveying ve.s.selH of the Uiitish Navy stationed there at the 
time. With the accomj>animent of continual earthquake sliw'ks a vast amount of tine 
black dust was discharged into the air to a height of 20,000 feet ; and though the lava 
rose up to the floor of the most westerly of the two great vents, it did not eseajx; there, 
but found an exit from the side of the niountam many hundred feet lower in level and 
several milc.s away. The lava (augite-andesite) rushed ilowii the wocxled valley, setting 
fire to the brushwood, until it eventually reached the wa, into which it advaiued for 
170 yaiiis, with a breadth of 80 yaids. Immediately after llic molten stream lia<l entered 
the water a column of steam shot up from it to a height of 4600 feet. There was no 
explosion, but “enormous bubbles of water eommcnced to rise to some 50 or 100 feel, 
like the explosions of heavy submarine mines, and then hurst violently outwards in 
radiating tongues and black masses of presumably lava I^argc quantities of dead fish 
and an occsusioiial turtle floated about off the (tuiiit.''' 

' Sir W. Wharton, Aafiirr, lix. (1899), p. 582. Mr. J. J. Lister has given an interesting 
account of the geology of the whole Tonga group, accomiianiwl with a inaji on which tlie 
distribution of the volcanoes and islands of tuff U shown. He gives further i>articular8 
regarding Falcon Island, with the results of an exainmation of specimens of the Uva-borabi 
by Mr. Harker, who found them to be basic aiigite-andesites, Q. J. 0. xlvii. (1891), pp. 
690-616. 

* Commander H, E. Purey Cust, ‘Report on the Eruption of Ambrym Island, New 
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thou.sanil •feet. In Hawaii it Itas risen 
some 14,000 feet above the sea. From 
this extreme elevation successively lower 
levels have been reached utitil in many 
cases the volcanic cones have not risen 
out of the water. There is reason to 
believe that the hiuulreds of atolls or 
coral-islands so widely distributed over 
this ocean have been formed on the sum- 
mits of submarine volcanic peaks (Hook 
III. I’art II. Sect. iii. § It). Hcie and 
theie, as will be fuither referred to in later 
page.s, tlie submarine lavas and tuHs have 
licen upraised, .so that the foundatioii.s on 
which the coral reels have been built can 
be studied.* 

IJiifortmiately.the phenomena of recent 
volc.'inie eruptions under the sea .iie for the 
most part inaccessilile. Here and there, a.s 
111 the Hay of Naple.s, at Etna, among the 
i.slamlsol the Greek Archipel.igo, at Tahiti 


U, Thera, (.r.Siiniorni , h.TheniHlii: ., Mikn. Kaoiiem ; and Christmas Island, in the Indian Ocean, 
Neo Kuliiieiii. The iiKiircH ilciiotc mhiikImipi in elev.vtion of tho .sea-bcd has taken place, 
fiUlicins, llMMlotted IniciiiaikHtlif lOOfathoiMs line l),„iiuht to the surface beds of tuff or of 


lava which have consolidated undei watei. Hoth Vesuvius and Etna began their taieer 


as submaiino volcanoes''' It will be seen Iroin the accompanying ehait (Fig (54), that 


Hebndes, S.W. I’aeilie, Oeloln r iiinl November IHbl,’ published b\ tlie Adiiiiialtv While 
these pages aie passing thiongh the press, telegiaphn infi'iination has armed of another 
diststioiis eruption in Ton .Shiiiia, one ot tlie eliuiii ot voleaiiie islands wliicli evtends between 
the south end ot .lapiui and the Itomii An eiuption between the l ith .nid 16lli \ugiis| 

IhO’J IS said to have 1 the iNland and all it- uihabilants, togitliei with tlieii 

houses. A snbniaruio vent had lilvt v\ iM opened neai the islainl, and ji.issiiig vessels found 
the place dangerous ot approadi. 

* Fora geiiei.al account ot (he vini vMC isi..\Mis ot the ocean, see Harwni's ‘ Volcanii 
Islands,' 'ind, edit. l.'<7t). Foi llie I’hitippiiie vvdvaiioes, see U von Drasche. Titdiei iiuiV.'> 
Miiiiriihiiji.sclif MiUhetL 187(> . Sein|>er’s • I>ie I’hilippiiien uiid ihre Hewohlier,' Wiir/)»iirg, 
18(59 . G. F. Be. ker. .W/i -l./a. /b/i. S, (J. S. (1.S9.S-99), pp. 1-7 ; .J/s( Ami Rei>. (1899- 
1900). pp. 4H7-.''i47 Foi the Kinile Islands, .1. Milne, 1879, 1880, 1881. 

Volcanoes ot May ot Bengal (Barren Island, A.'. ), V Bali, r.Vo/. Mmj. 1879, p. 1(5; 1888, 
p. 404 ; 1898, p. 289 ; F. H. Mallet. Mi„i. (/eo/. .Wm. hninu x.v;i. part iv. ; .1. 1). Dana, 
Am’f. Jinn. A’c/. May 1886, p. 894. St Paul (Indian (h'ean), Vilaiii, J.s.o.-. Frau. 

1875, !•. 581 ; 'Mission \ File St, Paul.' 1879; 'Description geolognpie de la Pies.pi’iie 
d'Avleii, Ac.’ 4to, Paii.s, 1878 , and * l/‘s Volcaus.’ 1.S84. For Isle of Bourbon, see authorities 
cited oil p. 3‘2y ; and tor Hawaii, the leteieines on p. 282 New Hebrides, ('.aptaiii Krederiek, 
y. J. a. S. .\li\. (1898), p. 2*27. Fiji Islands, E. Amlreos, Unit. .I/m.v. fWi/.. Zinii. 
.vwviii. (1900). We.st Indian Islands, the eopiou.s Hejmits of the various I'oninii.sMons sent 
to investigate the disastrous eruptions of May 1902 in St. Vincent and Maitinujue, as that 
of tho Uoyal Societv, the National Gcograpliie Souety of Waxhingtoii, and the Aciuluiny of 
Sciences of Pans. St‘e also Gro.sser, YrrhamU. Sntwr Fir. l‘irii'..i. lihetul. 1899; .). 
Stanley Ganliiier, y. J. ( 1 . A’, liv. (1895), p. 1 ; and p.aj»ers eited in Book HI. Part II. Sect, 
ui. t} 8, in the di.scusaioii of convl-reefs. 

- See, as reg8rd.s Etna, * Der Aetna.’ u, p. 327. 
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the ielaiidn uf .Saiitoim Hii*i T)u'la^la f«»:m the 
imeuimiergc'tl jHJitions of a gi<‘at ciatei riju 
lihin;' rouml a > rater whuli 1‘27S 

feet Itflow sea level. 'I'lie in.vti-iials of these 
islands consist i)f a nucleus of mnibles and 
scliisis. neirly hniicd undci a pile of tiiHs 
• trass . soon c and sheets nf lava, the bedded 
charaaei of vvhicii is well shown in the ae. 
roinp.iiiyin.L' sketch by Admiral Spiatt Kig 
who. with I'.dw.vid lorlHs, oxainiin-d the 
^•ology of this Intel cstin;,' dutnet m 1H41 
They found some of the tuffs to e.,nlain 
m.iiiiie shells, .itid thus to be.ii witne-s to 
an elevation of tin* ',ea floor siine volcaiiic 
action lieg,!!) More icccntly the islamls have 
lieeii earcfiillv studied h\ vaiions ohseiveis 
K von I'litsch has imiini icMiit niaiim- shells 
III liMiiV ji'ia'Cs up to lieiyhts of neulv fhHf 
l«et altove li.e v i '1‘hc sliati eontainiiig 
these leiil.ilils he e^llliiates tti b- ,U least 100 
to 120 nieties tliiek, and he leinaiks that in 
every lase lie found tin in to i oiisist essen 
tially of Vole. line d'hiis ami to n-st u|M)n 
volcaiii' loel s It IS evident, therefoie. that 
these shell- be mil,; lutl's weic oiiguiallv d. 
fxi^ilcd on till* s.'a tloor altei volcaim .iction 
had liegini iieie, and that duiing htu Dims 
the_v w»ie npiaised togetlltl v.llh tile su'u 



niarrie 1 iv,i> asso.u ifi d witli tli'-in ' I’omjm 
■ OlU'lmh s t h.lt tlie V ole uio foi Im d .t! one time 
a huge nlami wall wooijid .loj.e, and i 
'Oimovhat iiviiisid liiiniui pop ihiDou, eiiiti- 
vatlllg il felDle \.ille_\ j|l til- - Olt ll W estt I II 
distil’ t, Iiid that in pitiiistori’ Dines tin 
tri iiiemloii- t \ploMoii oe. mild vJi-Tihy tin 
leiitle of tin is'.unl was blown oiit 

Tin otnilaiil) of tin- 'Dm'Diie o| Sanloiin 
to tlnit 111 Soinina and Ktna is ohvnniv 
Voleanie .letioli sllll < oiiliniles tlieie ihoiinl, 
on a duniiiished si-,|e. )n 1 sijC, ^7 

' ‘‘iei Knt>. Il, / h {, c will il'7] (.p 
1 25-21 { 'I he iiio-t lofiiplete and el ihnmtt 

w'oik I- tompi. V I ( ilicridv i*..!), 

‘Santouii et ses fcriiplioiis,' p.itis. 4io, Djso^ 
where lopioii, .niaI\M-s of look-, inmeial-. 

.Slid K.iseoM^ emanations, with 

numeioii- adniiral’ii vn vv> and ^e' tmiis. air 
given, in thi' vniiinir a hibliogrepliy oi 
the hxality will K.' Jomid, ( ompare * 

Doelter on the Pon?a Mand-, 

Al.a^. II iss(-a*4/(., ViriniH. vxwi. p. H] 

.Vif;. -Ui///. h , Vienna, Jvm. (187.'h. 

p. 49 ,4^ 
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eniption took place on Neo Kaiineui, one of tiie later fonned islets in the centre of the 
old crater, and greatly added to its aiea and height. The recent eruptions of Santorin, 
which have been studied in great detail, are specially interesting fioin the additional 
information they have supplied as to the nature of volcanic vapours and gases. Among 
these, as alrcarly stated (ji. 268), free hydrogen plays an irnjwrtant part, constituting, 
at the focua of di.scharge, 30 per cent of the whole. By their eruption under water, 
the mingling of tliese gases with atmospheric air and the combustion of the itiHammalde 
compounds is there prevented, so that the gaseous discharges can be collected and 
analysed. Probably were operations of this kind more practicable at terrestrial 
volcanoes, free hydrogen and its com i»ounds would Ire more abundantly detected than 
has hitherto been possible. 

In the group of islands at the western side of the Hay of Naple.s a heautifnl example 
of a volcanic islet i.s to he seen in the Isola'di Vivaia. It consists of a coiio of bieccias 
and tutls. Only the western half of this cone remains prominently above water, the 
rest having Iwon in gieat pai-t washed away, though the circular nrn of the crater can 
be traced in a line of low reefs, inside of which lies a .sheltered basin tilled by the sea. 
Kxcellorit sections have been cut l*y the wavc.s along the ex[»o.sed side of the .segment of 
the cone, showing the succession of fragmentary discharges composed of a commingling 
Of tracliytie and basaltic materials.' 

The numerous volcanoes which dot the Pacilic Oe< aii beg.iii their caieei ns .submaiiiie 
vents, their eventual appearance as siihaerial cones being mainly due to the nccuiriula- 
tion of erupte<l material, but also partially, iii at least then latei stages, to actual 
upheaval of the sea-bottom. These features are impressnclv <lispl,iyed among the Fiji 
Isliimls, wheie a success'on of Tertiary limestones has been ujdilted. These calcjiieous 
deposits are not < oral-reefs, hut have been foimed 
by foiaminifera, millipoies, poly/oa, shells, and 
cchinoderins. They are overlain with lossilifcroiis 
tutls, volcanic conglomerates, and a peculiar 
volcanic miidstono known locally as “soapstone," 
0 which.show.sgradationsfiom an onluiarysubrnariiie 
tuff to an ashy foittinimfcral ro<‘k. Next in oidei 
come liniestoiie.s, which consist jsiitly of reef-coial, 
which is (\s{iccially seen ns a capping about 100 
feet thick. Much of thi-s liiiicstoiie has bi-eti 
elevated from 800 to 1050 feet above the 8<‘a. 
Above it lie agglomerates of andesite and coral- 
roi k, .some of the liiiic.stone lilocks being 4 oi .5 
feet in diarnetei. Massi\e liowsol aiidesite-lava 

,, , , have been poured <»ut uivoii tliese iigglomeiates, 

fc'lg. <■>(> — \clcanieci.it<'ri>I.St I'anl Islan-I, . i i i * -aa 

Indian ocMii rising into dome-sliajted eiiiinenoe.s sometimes /OO 

feet high and attaining a thickness of about 300 
feet. The youngest vohaiiic ejections .ap[>ear to be some small protrusions of bastih. A 
late movement ol elevation has earned a foi-mer .sca-beacU up to aliovo 50 feet above 
.sea-level.' 

The lonely island of St. Paul (Figs. 66 and 68), lying in the Indian Ocean more 
than 2000 miles from the neare.st land, is a notable example of the snnimit of a volcanic 
mountain rising to the sea-level in mid-ocean. Its circular crater, broken down on the 
north-east side, is filled with water-, having a depth of 30 fathoms, t’biistmas Island, 
in the .same ocean, already referred to, is another remarkable exam[>le of a volcanic 

' 'I’liiN island, its petrogi.aphy and structure, have been well described by G. de Lorenzo 
and G. Rl^a in their meiuoir, “II Craters di Vn.ira," cited (rii/r, p. 290. 

K. C. Andrew^ .!/('«. C»mp. xwmu. (1900\ with jireface by Professor 

Ed^awnrfli Band, p. 5. 
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mountain rising frum a deptli of moiv than 14,000 feet to a lieight of 1100 foet abort 
aea-level. lU latest lavas and tuffs art intmalattsl among the upraiseil Tertiary and 
younger limeatones that vere laid down on the Himinnt of the jwak, and ha\e since 
been uplifted into land. The oldest lavas are traelntie and the latest l^asaltic in 
character. Some of the sheets of Iwsalt have broken up undci water, and their crevicoa 
are filled with volcanic detiitus mingled with foraminifeia and other marine orgaiiisina. 
The tuffs are palagonitic, in U'ds .’>0 feet thick, with hnaminifera scattered through 
them. Among the detiital masses are sheets of voleanic eonglomerate.' 

Observations liv R. von Diasche have .shown that at Uouibon (Reunion), dining the 
early submarine eruptions of that voKano, coarsely crystalline rocks (gahhro’i wero 
emitted ; that these were succeeded by andesitic and tinch\tic lavas ; bnt that when the 
vent rose altove the sea, basalts wero }>onred out.’' Komjne observes that at Santorin, 
while some of the early submarine lavas are identical with those of later subaerial 
origin, the greater part of them belong to an eiitiiely different seiie.s, being acid rocks, 
referable to the group of hoinblcnde andesites, while t[i« subacrml rtv'ks are aiigite- 
andesites. The acidity of these lavas has been largely increased by the infusion into 
them of silica, chiefly in the foim of opal. They vai\ much in aspect, being some- 
times compact, Bcoriaooous, haul, like inillstone, with jwrlilic ami sphenihlic structures, 
while they fiequently present the characteis of trass impregnated with opal and /oohtee. 
Among the fragmental ejections there occur blocks of schist and gianitoid rocks, probably 
representing the mateiials below the sea floor through which tlie first explosion took 
place (pp. 275, 291, 292, .‘f2t>l. During the eruption of 1866 some islets of lava rose 
alwve the sea in the middle of tin* bay, near the active vent. The rock in thes* 
cases was comjwict, vitreous, and much cracked 

Among submarine volcanic foimations the tuffs diffi i fiom those laid down on land 
chiefly in their organic contents ; but partly also in tbeir more distinct and originally 
less inclined bedding, and in tbeir tendency to the admixture of noii-volcanic or ordinary 
mechanical sediment with the volcanic dust an<l stones. No appreciable difference 
either in external aspect or in internal structure seems yet to have hi'en eatabliabed 
lietween subaeiial and submarine lavas. Some nmlouldedly submarine lavas are highly 
sconaceous. There is no leaMni, indeed, why slsggy lava ami loose, noii-buoyant acorf* 
should not accumulate under the pressure of a deep column of the ocean. At the 
Hawaiian Islands, on 25th Febiuary 1877. mass« s of pumice, during a suhinariiie volcanic 
explosion, were ejected to the surface, one of wbn h struck the Imttom of a boat with 
some violence and then floated p, 3ri;f\ When we reflect, indeed, to what t 

considerable extent the Iwttom of the great ocean-basins is dotted over with volcanic 
cones, Using often solitary from profmind dipths, we can believe that a Urge proportion 
of the actual eruptions in oceanic areas may takt* place under the aes. The immenia 
abundanco and wide ditfusion of volcanic detritus (including blocks of pumice) over tht 
bottom of the Pacific and Atlantic Oceans, even at distaines remote from land, as made 
known by the voyage of the (JhnUnujn , do>il)fb'S> indicate the prevalence and jiersiatcnce 
of snbnninne volcanic action, even though, at the same time, an extensive diffusion of 
volcanic debris from the islands is admitted to be etfected by winds and ocean -currenU. 

Volcanic islands, unless continually anginented by renewed eruptions, are atfackfd 
by the waves and cut down. Graham's Island and the. other examples above cited show 
how rajud this diaapj*earance may W. The island of Ynlcano hss the base of its slope* 
truncated by a line of cliff due to marine erosion. The island of Tcneritfe shows, in tb* 
•anie way, that the sea is cutliiip back the land towards the great cone (Fig. 67 j. Tb* 

’ W. Andrews, ‘ ('hri'>tnta> Island, Indian Ocean,' published by British Musanai 

11K)0. 

* Tgchfmmk'f MineralogiAckf MiHhnl. 1878, pp. 42, 159 A simnar stmeUire oocnil 
at Palma (Coheu, Jnhri>. 1879, p. 482) and in St. Pouf (Vtlain aa above ritad). 

* Fouque, ‘Santorin.’ 
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itiind of St. Paul (Figs, 60, 08) hniiga before us in an impjcssnc way tlie tendency 
of volcanic islands to bt* de.stroyed unless replenished by continual additions to their 
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.suilaic. At St, llclcn.i l(.ft\ lulls tiC voh.inic IO(.k^ lOoO to ‘JCOO Icct Wat witness 
to the cnoinions donnihituni whouliy in.isses ot b.is.ilt two or thii'c nules lon^t, one or 
two milos hiojid iind 1000 to 2000 Iiti ilii.k, Imvc Iks'ii ciitiidy leiiiovcii,' 
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Ki^ i.v \ti'w('l’'l I’aiiM'i Mid, lii'li.ui O, ( 111 , iii.hi till' t i-i (( i|it l!' ii III \iliiiirilt\ lluil) 

ri Villi' pm I!"* K, 'I ‘iJ'i'k (il liiiili'i l.•lK 1*1' In tin- -i .i h ihIiiIim tii . • ili'i li,;iiiiii (sn Ki.' ii(>) , 

I , (/ . ilill'-i'iii |nix.i|.i| |i|i!(|.'1 'iili'iiiiH' II iit'ii.il' iliii|iiii,. liiw.iiiU tin -Miiitli, .iiiii null )i erodi'il 
,il I III' liikhi'i I'li'l ( ) I') w.ixi”- 'iiil ^iili.uii>! M -u I, vMithiiii 'Hint ol tin i-'l.iiHi, Iiki'W^n i til 
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From the foH'goiiii' ex.iinples soiiu’ hio.ul oorndtisioii" nuiy he drawn 
regarding hulniiaiine Milcaiur action. 

1. U is olnions that not only are mo^t teireslrial \okanoeis sitn.ited 
near to the sea, but that \<deame aetixity i-' displayed oxer a xvider 
region of the mean Moor than over the .surface of the land, and on a more 
gigantic scale. Wc have only to turn to a chait of the Pacilie Ocean, 
and note the mnnerous groups and chains of i.^laiids, in order to realise 
the wide e.xtent and great vigour of sulmiarine eruptions. Each of these 
islands marks the -iite of a volcanic cone gradually built up from the 
sea-bottom by succe.ssixe outpouniiga of material. The Atlantic Ocean 
offers similar though less striking evidence in the same direction. The 

* IlarxMii, • VolcaiiK* l>l.uids,‘ j). 104. For a nior*- detadol .iccouiit of tins ishaud, Nce 
J. C. •?!. Helt-na,' Loudon. 1875. 
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scattei'ed islands from Jan Mayen and Iceland southwards )>y the A/.or(», 
Canary, and Cape Verd Islands the fur distant Tristan d’Acunha and 
the Antarctic volcanoes, ami again the chain of the Antilles on the western 
side, affoitl an impressive picture t»f volnuuc energy. In estimating the 
hulk of the oceanic volamues, we must rememl)er the jn-ofound tlepths 
from w'hich many of them rise. An islet which oul}' jtist shows itself 
alw\e sea-level must often bo the summit of a cone winch would he 
reckoned among the more eolossal \oIcanoe.s of the glo)»e if it stoo<i on 
tin* land. Christmas Island, in the Indian Ocean, the crest of which is 
llOtl feet a])o\e the sea, is really a mountiiin lo.oOO feet liigh, rising 
from one of the oceanic abysses Still more giganlie is the ^olcanic 
ridge of the Samlwich Islands which has l>ecn built up from a depth of 
more than 18,000 feet to a height of nearly 14,000 feet above soa-level, 
thus forming a volcanic chain highei than even the higln*st pak (d the 
Himalayas, and still continuing to erupt from its crest 

•J. Submarine erujilions. so far as the a\ailahle esidciice warrants 
any mfen'iice, appear to build up conical \oh.inoes rather than to form 
wide plateaiiv. They temi to occur along tolerably wcll-mai ked linoR, 
as well as in scatteMsl groups The lnu*ar direction is strikingly shown 
by such chains as tin- .\lcutian Islands, dapan, .Ia\a, and the .Viitille.s. 
Along tlicsi; lines, w hicli are iisualh looked upon as m.arknig lissures in 
the terresin.d erusi, \olc.ame cones ha\e been built up. sometimes sot 
close togctliei, sonu'tiim's many miles a)».iil As a iiile tliesi* eoiies have 
(‘ome into evistcuce in sm cession, some d\ing out and others still con- 
tinuing. Thus a!(.>ng the gri'at \oleaMic lulge of the Saiidwieh Islands, 
as Haiia has ]H)inted out, fifteen \ol(.inoes of the hist class ha\e been 
active, but all of them, s,>\e tbrc.e in Hawaii, appeal to be now extinct 

fVoin tin? c\idence supplied by lavas wlmli wcic <tnginally poureal 
out under the sea, but have sulMspieiitly been upiaiserl al»<)\e its h'vel, 
and likewise l>y bombs that h.i\«‘ Ic'im inojected to the suifaee of the 
water duiiiig siihinaiim* eMiptioU', it ma\ he (omimled that molten 
material wliidi has heeii ciupt<‘d and has solidified beneath tlie waves 
does not mateiiallv ditlei m siiurtuie tioin tliat which comes from 
terrestrial vents, This infereme has an important bearing on the study 
of ancient volcanic ejections, a laige piopoition of wlm h, intenalated 
among marine sediments, must liave Ihmmi submarine. In particular, the 
cellular or amygdaloidal siriietuie and mi(;ro-»copic ehaiacteristies, .such 
as are seen m rocks iike iiachyt^- .iinl b.isalt, aie as well defined among 
submarine as among terrestrial volcanic jModucts. 

4. Such instances as h-avc been observed of upraised submarine 
volcanic ejections slu)W that lava.s, tnfl’s, and hrereias aie intei, stratified 
among limestones formed of oigame remains It is evident that iM-tvveon 
the succes-sive eruptions paii.ses t(K)k jdace, dunng wliieli the otganisras 
of the seJi flourished abundantly and fuinislied nutenals for foraniiriiferal 
or radiolarian (wze, shell-lijinks, or eonil reefs. 'J'h<*re can be little doubt 
that many of the suh-occiinic volwinic cones aie of .gri'Al antirpiity, going 
back perhaps far into Tertiarv times. They aie thus probably built np of 
a succession of volcanic and organic accumulations If it were possible to 
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examine this succession, it would reveal the stages of the 
volcanic history and the remains of the successive faunas that 
have come and gone while that histoiy has been in progress, 

ii. Fissare {Mamie) 'Eruplionii. 

From the jwsition of Etna and Vesuvius in the centre of 
the early civilisation of Europe, these volcanoes came to be 
taken as the accepted types of volcanic structure and activity. 
It is now known, however, that tliey do not represent all 
forms of volcanic action. We have seen that the puys of 
Auvergne, and still more the great volcanoes of South 
America, briiig before us another type where lava has been 
protruded in masses to the surface without the formation of 
the normal volcanic crater. But the most gigantic displays 
of subterranean energy are manifested ity yet another type 
of eruption, where lava flows out from fis.sures which reach 
the surface, spreading sometimes over areas hundreds of miles 
in extent. Such fissure-eruptions have been chiefly exhibited 
in liistoric times in Iceland. Large tracts of that island have 
been rent l)y fi&sure.s, of which two systems are specially 
marked, one <lirected from S.W. to N.E. and the other from 
B. to N. The eruptions of Hekla and Laki belong to the 
former series. A violent eruption at Askya in IHIT) took 
place at the intersection of two lines of fissiires, some of 
which could be traced for nearly 50 Engli.sh miles. Borne- 
times the fis.sure remains ;us an o[)en chasm GOO feet or more 
in depth, without ejecting any volcatiic material ; iti other 
cases it beconies the scene of intense volcanic activity, when 
lava rises in it and flows out tran(|ui!ly on either side, some- 
times forming a row of cones of slag along the line of the 
chasm or a long rampart of slags and blocks piled up on either 
side. The great eruption of 17. '<3 is.suod from the Laki 
fissure, about 20 miles long (Fig. G0)> J^‘‘d poured forth in two 
vast floods, of which the we.stcrn branch flowed for upwards 
of 40 miles and the other 28 miles. Hundreds of slag-cones 
were formed along the line of the fissure, varying in size from 
a couple of yards up to seldom more than 50 yards in height. 
Each cone might senil out two or more streams of molten 
lava, now to one side, yow to another, which merged into each 
other so as to flow round the cones and spread out into wide 
floods of black rock. So insignificant are these hillocks that 
in a rugged volcanic landscape they might not attract atten- 
tion, yet they mark the source whence milliards of cubic yai-ds 
of lava issued. 

On level ground the Icelandic lava, which is remarkably 
litpiid, spreads out as a wide floor of bare rock. Such is the 
grea‘t lava-desert of Odadahraun, which has an area of about 
1700 English square miles. Where the ground is inclined, 
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the leva may flow to a great distance, filling up valleys and spreading 
over the lower country. One of the prehistoric lavas from Trdlbulyngjii 
in Odadahrauu flowed for more than 60 miles. A succession of eruptions 
piles up a series of lava sheeU more or less nearly lionzontal, which are 
eventually cut into mvines by the descending rivers. 

In some parts of Icelaiul the lava has been built up into vast flat 
domes like those of Hawaii p. :li!8b having a gentle inclination in 
every direction. The highe-st of these are 1-00 and 1 101 iiietres high by 
from G to lb kilometre.^ in diameter. An elliptical crater on tlic loftiest 
dome measures 1100 by .180 metres. The Vesu\ian type of cone built 
up of alternating la\as and tuffs is also to be found in Icelaml under the 
suow-fielda and ice-sheets: such are Or.rfajnkull (G24 1 feet), Eyjafjallajo 
kull and Sriaefellsjokull (l.b77). d'he mountain Hekla (400!), 

which is pojiularly }>elieved to be tbo chief Icelandic volcano, is made up 
of successi\e sheets of lava and lulf, which, howe\er, hine not been 
formed into a cone but into an oblong ridge, lls.sured in the direction of 
its length and bearing a low of craters along tin' tissurc. 

While .the outflow of lava may not be attended with violent eruptive 
energy, explosion-craters show that in Iceland, too, the jxmt up internal 
gases and vajKnirs sometimes manifest great Mgour. One of these craters 
wa.s formed at Askja, on 2*Jth March 171)5, by a tremen(jon.s explosion 
which scatteied pumiceous stones over an area of more than 4GH English 
square miles and di.scharged a \a.st amount of tine dust, some of which 
was earned as far as Norway ami Sweden. Yet the ojiening then made 
has a diameter of only about *280 feel. Hound the Icelandic explosion- 
cAlcrs the rim of fragmentary material is \ery little higher than the 
adjacent ground, (neat though thi; amount of ejecleil stones and dust 
must he, it seems to be scattere<l with such force that only a small jiart 
of it falls back around the orifice ' 

In former geological ages, extensne eruplions of lava, without the 
accom])animcnt of scoria*, with haidly any fragmentary maU'rials, ami 
with, at the most, only Hal <lome .shaped cones at the }>oints of emission, 
have taken place over wide areas fiom scattereil vents, along lines or 
systems of fi.ssures. Vast .sheets of la\a h.i\e in this manner lieen jKjured 
out to a depth of many humlred feet, completely burying the previoun 
.surface of the land and foiming wide plains or plaUjjiux. 'I'hese truly 
“rmissivc eruptions” have been held by Kichthofen- and others to 
repre.sent the grand fundamental chaiacter of voleanism. onlmary volcanic 
cones being regarded merely as paras^jtic excrescences on the subterranean 
lava-reservoirs, very much in the relation of minor cinder cones to their 
parent volcano,® or of the lava-spiiacles on the surfaco of a lava-stream 
{Fig.s. 48, 49). 

' the papers of Dr. Tliorofldsen .iml Mr. Hellaiid quotwl on p. 277, and the xmiimary 
of their observations in ‘Ancient Volcanoes of Great Britain,' vol, ii. thap. xl. ; also W. L. 
Watts’ “Across the, Vatna Jokull," Pror. Hoy. (Scipg. Soe. lh7<J , W. G. I>fx;k, .Mog. 
1881, p. 212 ; J, H. Johnston lxivis. firottvth •>y^jrnph. Mtvj. Sej»l. 1895 

^ Tratu. Acad. *Sa, California, 1868. 

* Proc. Roy. Phy». Soc. Edin. \ 236 ; Saiurt, xxiii. p 3. 
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Though a ilescnption of these old fissure or massive eiuptions ought 
properly to )>e included in Book IV., the subject is so closely connected 
with the dynamics of existing active volcanoes that an account of the 
subject may be given liere. The most stujiendous example of this type 
of volcanic structure occurs in Western North America, '[’he extent 
of country uhich has been flooded with basalt in Oregon, Washington, 
California, Idaho, and Montana has not yet l)een accurately surveyed, but 
ha.s been estimated to co\er a larger area than France and (b eat Britain 
combined.^ The Snake Ki\cr plain iu blaho (Fig. 70) forms part of 
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this lava-flood. Sui rounded on the north and east by lofty mountains, it 
stretches westward as an apparently boundless desert of sand and bare 
sheets of black basalt. A few streams descending into tlie j)lain from the 
hills are soon swallowed Uj) and lost. 'I’he Snake lii\ei, however, Hows 
acrosji it, and has cut out of its la\a-beds a series of pictures<juc gorges 
and rapids. Looked at from any point on its sui face, it appears as a vast 
level plain like that of a lake-bottom, though more detailed examination 
may detect a sloiie in one or more direetion.s, and may thereby obtain 
evidence as to the sites of the chief opening.s fnmi which the basalt was 
jmured forth. 'Fhc uniformity of surface has been produced either hy the 
la\a flowing over a [)lain or lake bottom, or by the complete eH’acement of 
an original an<l undulating contour of the ground under hundreds of feet 
of volcanic rock in successive sheets. The la\a rolling up to the base of 
the mountains has followed the sinuosities of theii margin, as the waters 
of a lak<‘ follow il,s promontories and l>ays. The author crossed the 
Snake l\i\er plain in 1879, and likewise rode for many miles along its 
northern edge. He foumi it to be e^ervwhe^e marked with low 
hummocks or ridges of bare black K'is;dt, the surfaces of which exhiiuted 
' .1 liuCnnte. .\m-r. J,yii)u. Set. 3iil sei. mi. (1874), p|>. I))?, 
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u reticulated pji\i*nicut of the ends of columns. In some places, there 
was a perceptible tendency in thchC ridjjes to lange thoiUi'clves in one 
general north-easterly direction, when thet might he likened to a scries 
of lung, low waves, or gmiind swells. In many instances the crest of 
each ridge had cracked upen inti» a lisMire Minch presented along its 
Mails a series of tolerably .symmetrical columns (Fig. 70). That the.se 
ridges were original undulations of the kna, aiul had nut been produced 
by erosion, Mas indicated by the fact that the columns vere perpendicular 
to their surface, and changed in direction acconling to the form of the 
ground M’hich was the original cooling surface of the lava, 'rhough the 
Imsalt M’as sometimes vesicular, no la\ers of slug or scoti.e were an v where 
observed, noi did the surfacc.s of the ridges exhibit ;inv .sp<aially scoiikirm 
character. 

There are no great cones whem e this ciuunious fhxMi of basalt could 
have rtowed It prol)ably escaped fiom orifices oi fissures still coiicealcfl 
undei the slieet.s vvhith issued from them, the points of e.scape Ix'ing 
matked only by such low domes asMuild readily l»e bniictl nndei the 
succeeding eruptions fiom other vents' That it was not tin* result of 
one sudden out|>onnng of roek i.s sinnvn by flu* distinet liedding ol file 
basalt, vvliich is well maiked along the rivei ravines. It an»se fiom what 
may have been, on the whole, a eontiniious though lo(ally interinitlent 
vvelliiig-out of lava, pio)>ably fiom vents on manv tissiues extending ov ei 
a wide tract of \\’estern .\merica during a late Tciiiaiy period, if indeed, 
the last eruptions (d this vast region did not eome within the time of the 
human oceiipation of the <*ontinent - The diselmrge of lava continned 
until the previous tofiograjihy was Imiied under some ‘JOOO fei‘t (but in 
[ilaces as mucli as 11700 feel) of lava, only the highei summits still 
piojeeting above the volcaiin flood At <i few points on the jilain and 
on Its noitliern margin, the aiillioi obs<Mved some sinali ( inder cones 
(Fig. 70). These were evi<lently f<»rme<l <lniing the chrsnig stages of 
volcanic action. 

Ill Knuipf, (Imiiig oldci T<iti»i\ tiiu*-. sniul.u ■■imhiuoiis (jut|toniiii;4s o( lasalt 
(oveicd mail) liiinduMk <)f vjiuo* miles. Tie* ninvi imjioitant <if (1 ((m iv that \^lllcll 
0(i;n[)leHa laige I'.trt of the noilli east <il 1 1 eland, .irid lu div<iniie( ted nous extends 
tliiough the Imiei Hehiides and the Fame Isl»iid«, into Iceland. Tlnoiij^hoiit lliat 
legion, the |>uueit) of evtdeine ol volraiin \«uts i.s l••millkahle, though a fexv have l.oeu 
l.ud ojMai 1)\ the sea in t lie < oast-elills of the west ot Seothiiid and the Faroes, Ho 
extensne h.is been the di iiudalioii. that tlie innei stunliiie ol the voli.inii [ilateanx 

* C'rtiilam Diilloii lia> remarked the of aii\ ( onspii iinnv |,.4fMie .it llie somee.s 

from Vklueli some of the Inri'e.st lava stream^ ol Hawaii have i,sued. 

• In Northern ('.ahfornia an e\.uii|»le of tin latest ph-ise of eriijdion is sieii .*1 ( iinler 
Cone, ten iiiiles noitli east from l>assen I’eak. 'I’lte l.ava theie is so recent that sonic ot the 
trewt which It pu.shed over are still htandinj^ Fnnn tfn; age of sonn; joniiger trees that 
li.we sprung upon the lava the date of it- flow must have t>eea at least .^>0 years la fore 
ISttl, but may not have bs-en mmh more. No retold or tradition, howevei, either among 
the white aetliers or the Imluns. ha^ snivived of the .arlnal eruption ,1. S. Dillet, 
/). U. S. (i. S. No. 7y (1901). 

•’ Pro feasor J. U'Coute beln-ved tliat the « hief lishiiies ojM-iied in the t'am ,vle and Blue 
Mountain Ranges. Joum Sci. 3rvl senes, vii. (1S74). p. 168. 
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ha^t been admirably revealed, allowing that the gi'ound beneath and arouml the tasalt- 
aheeta haa l)eeu rent into innumerable fissures whieh have been filled by the rise of 
basalt into them. A vast number of basalt-dykes ranges from the volcanic area east- 
wards across Scotland, the north of England, and the noi'th of Ireland. Towards 
the west the molten rock reached the surface and was }K>ured out there in successive 
sheets to a depth of moie than :t000 feet, while to the eastward it does not apjwar to 
have overflowed, or, at least, all evidence of the outflow has lieen removed in denudation. 
When we reflect that this system of dykes can be traced from the Oikney Islands 
southwards into Yorkshire and across Ihitain from sea to sea, over a total area of 
proliably not less than 40,000 sijiiare miles, we can in some measure appreciate the 
volume of molten Iwisalt which in older Tertiary times underlay large tracts of the 
site of the Hritish Islands, rose up in so many thousands of fissures, and [lOured forth 
at 4lie surface over so wide an area in the north-west.^ The occurrence of layers of 
Hedirnciilary mateiial, ineliiding coal and leaf beds, with well-preserved terrestrial 
vegetation lictween «ome of the basalt-sheets, shows tliat consider.ible intervals some- 
times occurred between successive outflows of lava. 

In Africa, l>asiiltic plateaux cover large tracts of Abyssinia, wheie by the denuding 
effect of heavy rains they have been carved into picturesque bills, valleys and ravines.® 
In India, an area of at least 200,000 square miles is covered by the singularly horizontal 
volcanic plateaux of the “Deccan Tiaps" (lavas and tuffs), which Indong to the 
Cretaceous period and attain a thickness of 6000 feet or more,® The undei lying platfoi ni 
of older rock, where it emerges from beneath the edges of the basalt tableland, is found 
to be in many jdaees traver-sed by dykes ; but no cones and craters are anywhere visible. 
In these, and jirobahly in many other examples still nnde.scvibcd, the formation of great 
plains or idatcaux of level sheets of lava is to be explained by “ lissiire-eriiptions ” rather 
tliaii by the o(M'rations of volcanoes of the familiar “cone and oiater ” type. 

4. Geographical and geological dintrilivition of 
volcanoes. 

For an adeijuate conception of the distrilmtion of volcanic action over 
the globe, account onght to be taken of dormant and extinct volcanoes, like- 
wise of the proofs of volcanic outbreaks tluring earlier geological periods. 
When this is ilone, we learn that innumerable districts have been the 
scene of prolonged volcanic activity, where there is now no underground 
commotion ; that volcanic outbursts have been apt to take jilace again 
and again after wnle intervals on the same ground, some modern active 
volcanoes being thus the descendants and representatives of older ones ; 
and that there are wide regions which from remote geological periods 
have been entirely unvisited by volcanic manifestations. Some of the 
facts reganliug former volcanic action have lieen .already sUited, Others 
will be given in Dook IV. Dart VII. 

Confining attention to vci\ts now active, of which the total number 
■has been computed to be about 300 or 400,* the chief facts regarding 

‘ A. li., Tramt. ftoi/. .Sac, Ediiuxxw. ‘ 

OCV.VV.. >\x. a yftanlord'.^ ‘ Abyssnua,’ 1870, p. 181. 

■* Medbiott and Blandford, ‘Oi-ology of India,’ 2iid edit, by R. D. Oldham, 1893, 
chap. \i. ; O. T. Chirk, *<?. ,/. 0' N. wv (1869), p. 163. 

^ Thw number i» probably considerably lielow the truth. Professor J. Milne ha.s enumer- 
at<Hl in Japan alone no fewer than rtfty-three volcanoes which are either active or linve been 
active within a recent perioil. He mentions the occurrence of 100 active vents from the 
Kuriles to Kiiishu (2000 miles). He remarks that, “if we were in a position to indicate 
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their distribution over the globe may be thus summarised Volcanoes 
occur along the margins of the ocean-Wins, iiarticularly along lines of 
dominant mountain-ranges, which either form part of the niainlMml of 
the continents or extend as adjacent lines of islands. The vast hollow 
of the Pacific is girdled with a wide ring of volcanic foci. (J) Volcanoes 
rise, as a striking feature, from the submarine ridges that traveihc the 
ocean l)asins. All the oceanic islands are cither volcanic or formed of 
coral, and the scattered coral-islands have in all likelihood lieen built 
upon the tops of submarine volcanic cones. (3) \’olcanoe8 aie generally 
situated not far from the sea or from some inland sheet of water. The 
only known exceptions to this rule arc certain vents in Mantcliouria and 
in the tract lying between Thibet ami Siberia, but of the actual natuie 
of these vents very little is yet known. (1) The prevalent arrangement 
of volcanoes is in senes along what have jirohably l)ccn lines of doniiiiant 
movement in tin* earth’s crust, such as fracture or })li('ation. This linear 
arrangement is conspicuous in the chain of the Andes, the Aleutian 
Islands, and the Malay Acbipelago. .V remarkable zone of volcanic 
vents girdles the globe fron> (’entral America eastward by the Azores, 
C’ape Venl, and ( anary Islands to the Mediterranean, thence to the Ked 
Sea, and through the chains of isl.inds fioin the soutli of .\sia to New 
Zealand and the heart of the Pacific. (5) On a smaller scale, the distri- 
bution in long lines gives jdace to one in gnuips, as in Itily, Iceland, 
and the spoiadie volcanic islands of the great occan>. 

It is in the region of the PueiHe t)cean that volcanic vents are most 
abundantly distnhuted. On the weslein side ot this vast l)asin it has 
been estimated that theie are 1()‘J aciive vents, luit the true nunihor is 
prohahly miieh higher. On tlie eastern side the nmn!>er is given as 1 1 :b 
The linear grouping of these volcanoes along the border of tlie Asiatic 
mainland extends tliiough Kamtscliatka, tin* Kiinh* Isles and ♦lajian, south- 
wards to the Malay Arcliipelago. In .Sumatra, .lava and the adjoining 
islands no fewer than fifty vents arc placed, and the senes is pndonged 
through Xevv Oiiinea into New Zealand. More impressive still is the 
volcanic band which runs along the vviude length of the .Amencan (’on- 
tiiient. Kven in the centre of this great ocean volcanic cuiergy niatiifests 
itsedf on a colossal scale in the great lav a cones of the .Sandwich Islands. 
The Atlantic Ocean includes some thirty volcanoes either now or lately 
active. Some of tliese rise from the gn^at central ridge of this long 
oceanic trough in the Azores, Canary Islands and the degimlcsl xolianucs 
of St. Helena, Ascension and Tristan d’Acunha, while others an* groupeil 
near the American and African lamb^r-s, .iml thone of Icelfvnd lise from 
ibe ridge that separalcft the Atlanti«, and Arctic basins. In the Arctic 
Ocetiri lies the soliUry Jan Mayen, while on the Antarctic (V)nUnent the 
giant Mounts Erebus and Terror tower above the ice field. In the Indian 
Ocean five volcanoes appear, the number assigned to the eontinent of 

the volcanoes which hs<l been in eruption diiMni? the lust 4000 years, the probability » 
that they would number several thousands rather than four or five hundred. * Earth- 
quakes and other Earth -moveraeutH,’ 1886, p. 227. Compare Fisher, ‘Physics of the Earth’s 
Crust,’ 2nd e<l, chap. .\xiv. 
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Asia is twelve, to Africa twenty-seven, while h^urope has its four volcanic 
districts of Etna, Vesuvius, the Lipari Islands and Santorin. 

Besides the existence of extinct volcanoes which Iiave ob\ iousIy been 
active in oonij)arativ'e]y rocent times, the geologist can adduce proofs of 
the former j)resencc of active volcanoes in many countries where cones, 
craters and all the ordinary aspects of volcanic mountains ha^•e long 
disappeared, but where sheets of lava, beds of tuff, dykes and necks 
representing the sites of volcanic vents have been recognised abundantly 
(Book I\'. Part VII.). These manifestations of volcanic action, moreovei', 
have as wide a range in geological time as they hav e in geographical area. 
Every great geological period, back into pre-(Vimbrian time, seem.s to 
have had its volcanoes. In Britain, for instance, there were proba])ly 
active volcanic vents in pre.-Cambrian ages. The Archa'an gneiss of N.-W. 
Scotland includes a remarkable series of dykes presenting some points of 
resemblance to the groat .system which afterwards a))peared in lertiaiy 
time. The Torridon sandstone of the same region, v\ liich i.s riow known 
to be pre-Cambrian, contains pebbles of various finely vesicular rock^. 
such as might have come from volcanic erujjtions. In the lower Cambrian 
period came tin* tuIVs and diaba.ses of Peml»rok*‘s)iiie Still more vigor- 
ous were the volcanoes in the Power Silurian period, when thi; lava.s and 
tuffs of Snowdon, Aran Mowddwy and Cader Idris were ejected, During 
the deposition of tin' Upper Silurian rocks a few V(»lcanoes were active in 
the south-west of Eiiglaiid and the west of Ireland. 'Phe Lovvei Old lied 
Sandstone e[)och was one of [)rolonged activity in Central Scotland, and to 
a less extent in the .south of England. The tairlier half of tlie Carbon- 
iferous period liki'vvise vv'itne.ssed great voleanie energy over the south of 
Seotland, and in a minor degree in eentral and south western ICngland 
and western Ireland. Lavas (aiidesiti's and trachytes) were then poured 
out in wide level plateaux from many vents for liundreds of s(piare miles in 
tlio soutlu'rn half of Scotland, while groups of minor coiie.s, like the puys 
of Auvergne, were dispersed over the .sea- floor and among the lagoon.s. 
During Permian time, more tlian a hundred small vents rosi* in scattered 
groups across the eeiitie and south-west of Seotland, while a few similar 
jioint.s of eruption ap|)eared in the south-west of England. No trace of 
any British Mesozoic volcanoes has been met with. The vast interval 
between Permian and older Tei-tiary time appears to have Ireen a period 
of total (luievsceuce of vavlcanic activity. The early Tertiary ages were 
distinguished by the outpouring of the enormmis basaltic plateaux of 
Antrim and the Inner Hebrides. ‘ 

In France and ({ermany, likewise, Paheozoic time was marked by the 
eruption of many diaba.se, andesite, and quartz-porphyry lavas. In 
Brittany, for example, Dr. Harrois has found a remarkable senes of 
older Palieozoie diaba.se.s and jmrphyrites with tuft's and agglomerattis 
He distinguishovs four principal periods of eruption ; ( I ) Cambrian and 
Lower Silurian; (2) Midvile ami Cpjver Silurian; (3) Upj)er Devonian ; 

' For a dvtaileil summary of tho \olca>nc history of Britain, si-e Pri-siilentinl A-lUrt-sses 
to the Ufological S^iety, V- •'- -vlviu. (1891-92). and Ancient Volc.anoes of 

Great Britain.' * 
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(4) Carboniferous.^ The Permian jwriod was niaiked in (Jennany and 
also iji the south of France by the discharge of great masses of various 
<}uartz-porphyries. The Triassic period likewise witnes-setl numerous 
eruptions. But from that period onward the same reniaikable quieseouee 
appears to have reigned all over hairope, which characterised the geo- 
logical history of Britain during Mesozoic time.- In the Tertiary i>eriod8 
a prodigious outpouring of lavas, both acid and Isisic, contnmedMrom the 
Miocene epoch down even perhaps to the hisUiric penud. Kxiinqdes ol 
this great series are met with in Central France, the Eifel, Italy, Bohemia, 
and Hungary, almost to the existing peiiod. Recent research has brought 
to light evidence of a long succession of Tertiary and post Tertiary vol- 
canic oulburst.s in Western America (X"\ada, Oregon, Idaho, Utah, itc.). 
Volcanic rocks are associated with Paheozoic, Strond.ary, and Tertiary 
formations in New Ecalaml, wlierc volcanic action is not yet extinct. 

Thus it can Ite '•hown that, within the same comparatively limited 
geographical spa<‘e, voh-anic action ha^ )u-en rife at intervals during a 
long .succcs>ion of geological ages Even round the sitc.s of ^till active 
vents, traces of far older eniplioiis may be iletcctcd, as in the <as<' of the 
existing active volcanoes of Iceland, which rise fioiii amid Tertiarv lavas 
and tutls. Volcanic action, wliich iiuw manifests it.self so cons)>icuously 
along certain lines, seems to have continued in that linear development 
for protracted periods of time. The actual veni> have cliangcd, dying 
m one place and breaking out in am»lhei, vet kecjmig on the whole 
along the same tracts. Taking all the manifestations of volcanie action 
together, both modern and ancient, we see that the sultlerranean forces 
have operated along great hues in the eailh’s crti^t, that th(“y have again 
and again been active over icgirm.s which now lie far within the borders of 
the great continent", that the existing volcanoes form but a .small jirojior- 
tion of tlic total number which have once floin islicd, and that certain 
legions, like most of European Rus.sia, furnish no evidence of ever having 
poSNCssed active volcanoes within tlicii Itounds 

Sequence of Petrographic Types at Volcanic Vents. Rcfci ence may 
here be made to a fealuie of volc.um- ciupiioiis whicli will he imu'c 
satisfactorily discussed in a later jiart of this text book. From observations 
made in all pails of the world it has now bcmi a^ccitaiiuMl that in the life 
of eacli volcamt a gradual cliange «.in be recognised in the chemical and 
mineialogical character ot the mateiials w)ii(li it discharges at the surface. 
The oldest lavas, whether erupted in stif.ons above ground or expelled in 
diist, and fragments, diti'er fioni those of middle age, ami these again from 
tho.se that belong to the eloping epochs of activitv. From researches 
made by him in Hungary, in (.’hina and in the we, stern regions of the 
United St.;itcs, Biiron E. von Richthofen a^ far iiack as 18 G^< announced 

' llulL Cortr £ht,i,U. t'.o.uf, No. 7, iSsU 

^ Soifir tnfling to this geniial '•l.-if.-iio'iit an* miiI to ui. < ' K. M. Holirhacli 

devorllK‘^ ('ret, If cons tevliftnU-s .iiid diahiiM's in sn»'<ia {Tt" h^i'muL'n Min Miffhrd. vli. 

j) 1.0 r. C'liolT.'vt leters to Cenomaman erujitioiis m Porlupal {Jovin. Hnnirim 
yi'fiii . LoUni, ISsj). A. E. Lagorio ha'. fon)i*l m the ('niuea n HTies of 
sheets, d)ke-. .iiui langmg Iroin nevadite- to hasalt-.. witch niny V of Jnraasu; age. 
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that the general order of succession in the appearance of volcanic rocks 
at each centre of eruption was first Propylite, followed successively hy 
Andesite, Trachyte, Rhyolite and Basalt,* This sequence he believed to 
be seldom or never complete in any one locality — sometimes only one 
member of the series mav be found ; l)ut when two or more occur, they 
follow, in his opinion, this order, basalt being everywhere the latest of 
the series. Subsciptent research, however, has shown that though his 
generalisation expressed a natural sequence frequently observable, it was 
not of universal application, and especially failed in the case of eruptions 
from a volcanic centre where fre<fuent repetitions of whole or partial 
series may occur.- A few examples of the observed order of appearance 
at dirterent volcanoes may here be cited. 

The u'seaiches of Herg^at aiaoiig the Lipari Islands have shown that the earliest' 
eruptions at that ecntie consisted of felspar-hasalts with from .'>1 to r>5 per cent of silica, j 
followed hy andesites with gradually increasing acidity until thcii silica rose to over 6l| 
per cent. These nndesites helonged to the most vigorous period of activity. After them/ 
came a iemurkal>le change lu the geographical distribution as well as in the chemical 
composition of the laxas emitted. From some vents, as those of bipari and Vulcanoj 
lipnrites lia\e Itecn poured out lontaining sometimes as much as 74 5 per cent of silici> 
wliile from other neighbouring orifices hasnlts and leucite-hasanites have been emitted 
which are more basic exen than the basalts at the heginniiig of the scries.-’ 

The Eureka distiict, Nevada, has furnished a large bo<ly of important evidence 
regarding the ae(jucm'e ot volcanic eiujitions. A.s the result of his predonged (disei vations 
Mr. Arnold Hague gives the following as the order of appoaiaiuc of the lavas in that 
region; (P Ilornhlende-andesite : v‘2) Hornldende-imca-.indcsite , (3) Dacite ; (4) 
Khxolitc, (:'>) I’yioxene andesite ; ((ji Basalt^ 

In the volcanic area of the Velloxxstono P.uk, Mi. Iddiitgs found tiie successioiuto l>e 
andesites of mean composition, including hornhlende-ainlesite and hoiiibleiule mica- 
andesite, followed hy more basic andesite and basalt, and more siliceous andesite and 
dacite, and liy Itasalt, ripolite and basalt.* 

The goiioral result of the ob.servation.s at regions of still active or 
extinct volcanoes, while establishing the fact of a gradual change in the 
character of the magma from which the lavas are derived, suggests that at 
first wlien volcanic actitity begiti.s the magma is freipiently if not always 
one of iiitcnnediato composition, but •iiiclinini: towards the basic rather 
than to the acid side ; that by degrees a proce.ss of differentiation sets in 
whereby, within the same magma-reservoir, the basic constituents tend 
towards one x\uartcr while the acul are left or move towards another ; 
that in this way, from different, oreaeii sometimes from the .same, funnels 
of discharge, now acid ami now liasic lava.s are emitted ; ami that usually 
the final emi.ssions are of a ha-sic character. 

These conclusions have been derived from a study of li>cal volc.-rnic 
centres, and may require modification in regard to the history of fissure 
eruptions. Mr. hidings has remarked that at a volcanic centre differentia- 

' “ The Natural System of Vohauic Rocks," (Wi/oi-il. AanK St'i. 

V . UxViw^s, Ml. I‘hU. S(K. 

^ ‘Die Aeolischen IiHeln,’ p. 368. 

* “(leology of the Eureka District,” Afo»i<grajt/t xx. U. >' O. S. (1892), p. 290. 

* Itull. /Vo/. Siir, U'ds/mitjfoii, \u. p H,'). 
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tion will take place independently of other centres within a relatively 
Braall body of magma, at frecjuent intervals or eontinuously, aiul with the 
emission of a comparatively limited amount of lava at any one time, 
whereas in fissure eruptions the outbursts may be few, with long jwiises 
between and the discharge of comparatively large volumes of lava at each 
outburst, and with less variation in the chemical an<l mirierahtgicid com 
j)osition of the material discharged.’ It may be ad<led that in .some cases 
at least the ditVerentiation in areas of fissure eniptions, when it has 
advanced so far jcs to give rise to highly acid com|)ounds, has at the same 
time become local in its manifestations. Thus along the vast region of 
Tertiary basjilt which stretches in broken tracts fr«un Antrim in Ireland 
to the north of Iceland, protrusions of granophyre and liparite ha^e 
broken througli the basalt in many places, btrming prominent hills or 
even groups of hills, hut never extending far o\er the liasic .sheets. Ihit 
there also the latest eniptions have been of a basic character, for the acid 
ma.s.ses are traversed by numerous <lyke.s t)f ba.salt. 

As the older ejections of a living volcano an* usually more or less 
buried under later materials, the j)etr«>giaphical history of the la\as cannot 
always he satisfactorily studi»*d there. It is among the volcanoes of former 
geological periods, where denudation ha-j laid bare the inner architecture 
of the mountains, that this history can be niosl completely unravelled. 
Further consideration of the subject will therefore he po.stponed to Hook 
IV. Fart Vn., where the plutonie ami xolcaiiic nwks that form jiarl of 
the earth’s cnist will he described. 

^ .). Causes of Volcanic Action. 

No section of dynamical geology ofrer.> greater iliHiculties for solution 
tlian the problems of volcaiiism, and in none have theory and speculation 
been more rife. In the early days of the science, ^Ve^ner and his school 
got rid of these difficulties by boldly affirming volcanoes to lie a nifHieni 
and insignificant phenomenon, easily e.\pli(ablc on the supposition that 
siiliterranean beds of coal have taken hie. Afterwards caim* the notion 
of great chemical changes within the earth, .such as those wdiich Sir 
Humphry Davy .showed w'ould result from the access of water to ImkIics 
of metallic sodium and potassium. When geologists had come to belicNe 
without hesitation that the great mass of the earth tonsists of molten 
liquid enclosed within a comparatively thin shell, they naturally looked 
upon volcanic action as one of the ob\iou^ ainl ineMtahh* reactions of an 
interior so constituted upon its cool extcimd ein elope, though they could 
form no clear or geneially acceptabh* opinion as to the imme<liaU‘ly 
determining cause of a volcanic eruption The f.i\ (suite conception was 
one that invoked the contraction of the eartli in eonsequence of its 
secular cooling. Thu.s C'ordier calculated tliat a contraction of only a 
single millimetre {about of an inch) would suffice to force out to the 
surface lava enough for 500 eruptions, allowing I cubic kilometre (about 
1300 million cubic yanls) for each eruption.* 

‘ <//», rit. p. 1S2. 

^ ‘ £s»ai >ur U Tenipj-Mtare de Tliitt near la Tern*,’ Parin, 1827. 
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But 8oruethi))g more than mere contraction was noe<lo<l to acrount for the titful 
outbreaks and singularly variable intcu'.ity of volcatnc action. The most ingenious 
and elaborate api»li<'ation of the iilea of secular oontra< tion was that worked out by 
the late Robert Mallet,' who maintained that all the piesent manifestations of 
hypogene action arc due directly to tlie more rapid contraction of the hotter internal 
mass of the earth and the conHequont cnishing in of the outer cooler shell. Ho 
pointed to the ailmitted difficulties m the way of connecting volcanic phenomena 
with the existence of internal lakes of liquid matter, or of a eential ocean of molten 
rock, Observations made by him, on the efTetts of the earthquake shocks accom- 
panying the voh'anic eruptions of Vesuvius and of Ktiia, showed that the focus of 
disturbance could not be more than a few miles deep; tlut, in i elation to the general 
mass of the globe, it was quite supfihcial, and could not possibly liave lain under a 
crust of 800 miles or upwards lu tlnckiiess. The ocuiieiioe of volcanoes in lines, 
and especially along some ot tlie gicat niountuin-cbain.s of the planet, was likewise 
dwelt upon hy him as a fact not satisfactorily evphc.ible on .any previous hypothesis of 
volcanic energy. Hut he contemled that all these <litficulties disappear when once the 
jimple idea of cooling and conti.K tion is adequately realised, “The secular cooling of 
the globe," he lemarks, “ is alw.iys going on. though in .i veiy slowly descending ratio. 
Contraction is tlieicforc <’onstanilv )noviding a stoic ii| cneigy to be expeiuled in 
crushing parts of the crust, and thiough that provnliugfor the volcanic heat. Rut the 
crushing itself does not take place with nnifoimity , it iieeessaiily acts laltrui 
after accumulated pressnie has leaclusl the iicccss ny amount at a given point, wlieie 
some of the piessed mass, unequally pressed as we mn.st assume it, gives way, and is 
succeeded perhaps by a time of rejKise, or by the transfer of the ci iishing action elsewdiere 
to some weaker ]<oint Hence, though the maga/ine of volcanic eneruy is being 
('Onstantly and steadily replenished by secnlai cooling, the elh-cts are intermittent." 
He ortered an c.\perimental pioof of the sntliciency of the store ol beat pioiliioed by this 
internal crushing to cause all the p)ieiiomena of evisling volcanoes - The slight 
compnratne depth of tlie volcanic foci, then Imeai .aiiangemcnt. and tlieii oecuircnce 
along lines of <lounnant elevation become, lu* loiittiided, intelligible under this 
hypothesis. For since the crushing in of the irust mav ucciii ,it any deptli, the 
volcanic souicts may vary in depth iiidelinKoly , ami as the ciiisliing will take place 
chiefly along lines of weakness in tlie crust, it is piecisely m su. h lines tliat iiuiujded 
triountain ridges and vobanic funnels should appear. M(ueovei, liy this explanaiiou 
Its author sought to haimoni.se the disemd.anf obsei \ations icg.uding vaii.itions jii the 
rate of iiicieuse ot temperaUiie downwaid within the c.iith winch have already been 
cited and leferred to unequal conductivity in tin- crust (p. He pointed out tliat in 
.some jiaits of the cuist the crushing must be mucli gieater than in other )iaits; and 
since the heat “ is directly propoitioiiate to the loc.il tangential pressute winch piodiices 
the eriishiiig and the ie.sistancc tlicieto," it may v.iiy indelinitelv up to actual fusion. 
So long as tlie ciushed rock lemaiii'- out of rea» li of a siiHieieiit .us'ess of suhteir.aneau 
water, there would, of eouise. be no <listni bailee. But it thiough the weaker jiaits. 

* Phil. Tiiin-'. IH/.J. Sec .ilsi) I)ant>n-( 's exjMTiim'iital deteriinii.ition ot the (piantity of 
heat e\ol\ed by tlie internal rruslnng nl rcaks. ‘Giologu KNpcrinifiitalt-,’ p. 448, For 
ailverse criticisms of .Mallet’s mcws see Hilg-aid, ,4/ner. Jonrn. S>i. \n. (ISTt) : 0. Fishei, 

J. 0. S. \iiaust 187.'). PInl. Fdi. 1870. and I’liy-ies ol the Earth’s ('rust,' 

chap. wii. Mallet's reply »s in Phil. Mn<i. lor .Inly 1.87.'*. 

^ The elaborate and careful expermieiital reseaiches of this ol)ser\er will leward attentive 
peni'al. Mallet estniiate-. from cxpermieiit the amount of heat given out by the crushing of 
different rocks (wyemte, gr.aiute, sand'-tone, slate, limestone), and concludes that a cubic 
mile of the cni't taken at the mean density would, if cnishetl into powder, give out heat 
enough to melt nearly 3.\ cul)ic miles of similar rock, assuming the melting-point to be 
2000“ Fahr. (yx-.s/eo, p. 400). 
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wHter enough Hhould deNmid and Ik; abaorliod by the inteiiaely Itut oruahed maM, it 
would bo nbod to a veiy high torn { m‘ rat uro, and, on snItk'U'nt diinimition of premure, 
Would flaah into Ntoain and protlnoe tho ooininotion of a volcanic eruption. 

Thia ingcniouH tlieory iwjuiivH the o|H*i-aiion of siuiden and violent niovemeuta, or 
at least that the heat generated by the tTushiiig should be more than can bo immediately 
cunduaed aw.iy thiough the crus*. Were the einshing slow and eipiable, the heat 
develojHsl by H niiglit Ik.' ao trainpully d)Hsi|)ated that the teniperatuie of the crust 
would not be sensibly alleeted in the j»io<'ess, or not to such an extent an to cause any 
uppreciulile molecular le arrangement of the paitieles of the iwks Hut an amount of 
iiiteinal crushing in.suHieient to generate vobanic aetioii ma\ ha\e been aeeom|iaiued 
b\ HU< h an elevation of lem|>eratnie .is to iiulnet im|H»rtant eluingos in the stiuetuiti of 
r<H ks, such as ale embnieed undei the teim “ metamoi [due ” 

Hy conirmui ('oiist'iit geologists hiive recogiii.scd that the source of 
\olcanie energy must lie sought in tlie high temperature of the interior 
of the globe. They agree that the main pro.\imale eanso of the 
onlinary phase of eiuptnity marked by the copious evolution of stOJim 
anil the abundant pUMluetion of du.st, slags and eiuders from one or 
more local vents, is obviou.sly the expansive force exerted liy vajMUirs 
di.s.solve<l in tlie molten nuigina from which la\u.s proceed. Whether and 
to wliat exti'nt these vajionrs are parts of the alioriginal constitution 
of tin' earth's interior, or ate derived by descent from the surface, is 
however a (|iiestion on which opinions difler. The abundant (K'clusion of 
livdrogen in metiioiites, th«‘ discovery of large voluiiie.s of this and other 
gases within the minute pore.s of many iHfVerent kind.sof loek (uti/c, j). 142), 
and th(' capacity of many terrestrial suhstanee.s, notably melted metala, 
to absorb large (piantities of gases and vajamis wilhoiit <‘hemical 
combination, and to emit them on cooling with eruptive phenomena not 
unlike those of volcanoes, have led .some tthservi'is to eoindmle that the 
gaseous ejections at volcanic vents are e.s.sentially poitioiis of the original 
eonstitutioii of the magma of the globe, and that to their escape the 
ai livity of volcanic vents is due. Professoi Tsehermak ' in |)articnlar Inw 
advocated this opinion, and it has been adopted l»y othei aide observers.* 

On the other hand, since so laigi* a propoition of the vapour of 
active volcanoes consists of steam, many geologists have urge^l that this 
steam has in great measure been siipjilied )»y the de.seent of water from 
above gronini. The floor of the .sea .ind the beds of rivers and lakes are 
all leaky Moreover, during voleame eruptions and earthrjuaki's, fissures 
no (louht open under the sea, as they do on land, and allow the oceanic 
water to find access to the interior.* Again, rain sinking beneath the 

' !'rot( SM)r Tst twriii.ik bri' MigfifNtcU tlifit il laOMihi* kiloriu tn-s, nl liif- < diihlilution of 
( a-'t iron, 1 h- sii|i}m)M(| to ‘'olnltfv annually, ainl to off .OOtniua ils voliitne of giiHVK, it 
woulil '.ultn V to niaiiitam 20.000 ai tivi» voUaitfa-'. .Sih ikmi ll’ow, hw (1877), 

p. Utl. .A. (1. Lini-, “(ieolo){i<' Ailivily ol tin* I'jirlh’H origmallv abMirbfO (Jahcn," yW7. 
^Vo/ .|„ov. v. (18D4). pp ‘jr>y 280 

- S«f. for o\am|i]i‘, lUyer’s ‘ Htutrag zur Miynk 'b-r Kruptionm.’ Vienna, 1877. Htiibel, 
.as tlie result of his long-toutmuecl stmly of volcwnieH. alike m the OM and llw New Worldi, 
has come to the eoiifnlent conviction that volcanic enij'tions do not dei»eni| upon any aotirce 
from outside, hut that the magma w itself the ca’ise and vuine of th«* energy (“deren 
tVsache uiid Tr.'tgen’i da" Magma aelbst ist") ; ‘ Vnicanb hknador.' ji .‘tOH. 

•* Professor Mo.seley mentions that during a submarine eruption off fiswaii in 1877 **t 
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Surface of the land percolates down cracks and joints, and infUtrates 
through the very pores of the rocks. The presence of nitrogen among the 
gaseous discharges of volcanoes may indicate the decomposition of water 
containing atmospheric gases. The abundant sublimations of chlorides 
are such as might probably result from the decomjiosition of se/t- water. 
To some extent surface-waters doubtless do reach the volcanic magma. 

It appears to bo probable that, somewhat like the reservoirs in which 
hot water and steam accumulate under geysers, the subterranean magma 
receives a constant influx of water from the surface, which cannot escape 
by other channels, but is absorbed by the internal magma at an 
enormously high temperature and under vast pressure. In the course 
of time, the materials filling up a volcanic chimney are unable to with- 
stand the upward expansion of this imprisoned vapour or water-substance, 
so that, after some premonitory rumblings, the whole opposing mass is 
blown out, and the vapour escapes in the well-known mas8e.s of cloud. 
Meanwhile, the removal of the overlying column relieves the pressure 
on the lava underneath, saturated with vapours or suiierheated water. 
This lava therefore begins to rise in the funnel until it forces its way 
through some weak part of the cone, or pours over the top of the crater. 
After a time, the vapour being expended, the energy of the volcano 
ceases, and there comes a variable period of repo.se, until a renewal of 
the same phenomena brings on another eruption. By sindi successive 
paroxysms, the forms of the internal reservoirs and tunnels may be 
changed ; new spwces for the accumulation t)f superheated water being 
opened, whence in time fresh volcanic vents issue, while the old ones 
gradually die out.^ 

An obvious objection to this explanation is the diflieulty of conceiving 
that water shoidd descend at all against the expansive force within. 
But Daubree’s experiments have shown that, owing to capillarity, w'ater 
may permeate rocks against a high counter- pressure of steam on the 
further side, and that so long as the water is supplied, whether by 
minute fissures or through pores of the rock.s, it may, umlcr pre.ssure of 
its own superincumbent column, make its way into highly heated regions.- 

fissur*' ojH!ne(l on the coast of that i.slaiul, from a few niches to three feet l)roa<l, aini in some 
places the water was seen pouring down the ojaniing into the nb\ss Wlow.” 'Notes by a 
Naturalist on tlie Vhalhngar,' j>. 503. It is well known that in the island of Ceph.ali)iiiu 
the sya has for generations been flowing into the fissured linie.stone in \olume .suftieient to 
be iiseil for working corn-inills. No altogether satisfactory explanation of the phenomenon 
has been proposed. Measi^ K. \V ami W. 0. Cro-sby have suggested that the water descends 
ss in one arm of a .sjplion, and alter leaehing a considerable depth ami actpnring in con- 
sequence a niiioli higher leiniH-rature. re asconda by another arm and finds an outlet under 
the sea. “The Sea-iiiills of Ceph.aloiiia,” T<"chntt/i>^ficaf QuarUrly, ix. (1896), p. 6. 

' The |M)tent part taken by water is well expresseil by Pre.stwich (‘Controverted 
t^nestions in Geology,' 1885, Ait. iv.), who thought, however, that it was only a secondary 
part, and that the main cau.«e of volcanic action was to Vm sought in a modification of the 
old hypothesis of the contraction of the solid crust uj.>on a jielding and hot nucleus 
'• ■ Dniibn'e. 'Geologic Exprnnieutale,' p. ‘,274; Tschernink, as citetl aliove ; Reyer, 
Beitrag ziir I’hjsik der Ernptioneu,* § i. Ex}<eiience in deep mines nitlier goes to show tlmt 
the |K‘niieAtioii of water through the pores of rocks gets feebler os we de.<tcen«l. 
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In 1h8 work on the voloanoea of Ecuador. Dr. Stubcl, who haa devoted a long lift 
to the study of volcanic phenomtMDi, aunts up the conclusions to which he has coma 
with legard to the oiigin and history of the volcanic energy of the gloln*. Kinnly 
convinced that the source of this eiieigy resides in the molten niuguia itself. In* seta 
out to show from the volcanoes of Ee-uadoi, Mexico and Syiia that the jirescnt foci of 
eruption cannot be decp aeatcil. but piohably lie at no gie.at depth beneath the suifiice. 
He conceivcH them to lie entuely enclosed •*jviccs of molten niateiial, and believes that 
the cause of their eruptive action is to Ik.* found in a cooling piuicss, in the course of 
which a more or les.> sudden imrease of volume plai .s lh« most es.scntial Jiart. 'I’liia 
lesult iH not brought alxmt through the whole IkkIj* of the magma, but different jnirtiona 
an* sm ecssively lirought under its iiiflueme. He cites nurncroUH ol>servations on the 
behaviour of melted substances at turnaces, Itiboiatoties. and at volcamM*H like Kilauea, 
to show liow widespread is this expansion in the pioce.ss of cooling 11c empliusiHea 
the important pait taken by the gases in tin iiiagiiu, though he docs not appeal able 
to nndersUnd how they of tiiemselves lan give use to a \olramc eruption He Ihinka 
that as tiiey use thioiigli the magma they cause it to swell upwanl in the diiection of 
csea|H‘ to the suitace, and allow it to excit an eijoiiumis foice on its surroundings He 
8]tconlatcs fnitlier on the probable history of vobauic phenonieim in the gi-ological 
[last. .Starting with the globe as a inasa of molten material, he pictines the rojicate*! 
and gigantic ontpoiiiings o( the magma over the thin i rust, wheieby the sutlaoc became 
coaUsi with a tliick mantle of .solldilied lo<k,* By this worldwide extravasation and 
by the augmentation in volume of the coiiHtiintly thiekening ciust, an imjKTceptihla 
increase ol tlie eai th’s diametei is ailmilted .as a lesnlt, with all the coumiciil conscipicnceH 
that Mould iieccssanly billow tbcrefiom. Kveatu.illy, .is the cinsl thickened tlie 
contest lietween Us resistance and the expansive force of the material rein lied a climax. 
A graml " c.stastrophe ” took place Vast volnme.s of molten roi k were discli.irged over 
t)ic surlace far e\i ceding any diseh.uges beloie oi since , but that episode marked the 
close of llie diru't iic( ess ol the great eeiitial magma to the sin face ,So vast, liowevel, 
was the volume o( mateii.il then pouicd out that periplieral mngma reservuirs wei'e 
formed III It These, whteh have necessauly le>cn diiven iie.iier and nearer to the 
hiirfaie hy the coiitiiiuons looling of the inleiior. are icgar<leil as the soureis of our 
pi esent active volcanoes. The author of this singular theory dws not ile.il with the 
evidence siip[ili(!d liy the wnh spread jdications and overlhlust4 that the earth s < rnsl has 
undeigone shrinkage rather than expansion Nor is his explanation of the ptoiess of 
eruption (jnite intelligible It w not easy to understand how the tooling and con* 
sequent e\i>.ansion of the magma below Strombidi, lot instance, could continue for many 
centuries to nuiiitaui the same lonstant condition of eruptivity. 

For 8oine of the latest views reganlm^ the nature and origin of 
volcanic action we are indebted to Fiofessor Arrhenius of SUKjkholni, 
whose ob.servations on the probable comlition of the earth’s interior have 
l)een already cited {njiif, p. 72), an<l who, bringing the results of modern 
physical and chemical research to a consideration of the subject, confirms 
what has lieen the growing Ix-lief on the ptirt of geologists in regard Ui this 
part of their science. Insisting on the enormous energy of the water- 
vapotir with w'hich, at temperatures far alxive the critical jKiint, the 
magma is charged, he compares the prixess of the ascent and e.xploHive 
discharge of lava and fragmentary materials in a volcanic vent to the 
action of a geyser. At a depth of 540 metres the vapour in the 
magma must press upward through the molten mass in gas bubbles, 
and as it escapes, the column of liquid is forced upward, sometimes 

* He terms thi* proceos ** Panreniug,” cowniig with a coal of m.vi). 
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even with explosive violence. At the end of the eruption all the 
water in the lava column must again Ijc in equilibrium down to that 
depth, and if no other agency intervened the molten rock would gradu- 
ally cool and stiffen, so that no further discharge would take place in 
that funnel. But observation shows that eruptions may continue con- 
stant at the same spot for centuries and, as at Stromlxjli, may lie as 
frequent as those of geysers. This recurrence and persistence would not 
be possible unless water were constantly supplied to the magma IhjIow. 
'Phis water, not in a fluid but in a gjiseous state, finds its way down to 
the magma and is absorbed by it with great energy. The gaseous water 
above the critical temperature, in con.sequence of the enormous pressure 
(1000 atmospheres at 10,000 metres down) beneath the surface, may 
have the same density as li(juid water, probal)ly ratlier less, and will 
press into the magma. Wo must conceive of the sea-lK)ttom with its 
joints, fractures and capillarie-s as a semi j)erriie.‘ible membrane, the pores 
of which are wide enough to let fluid or gasc<m.s water pass thiough. 

Moreover, as the investigations of reemit years have shown, we 
must grant to the water entirely dillerent properties from those to 
which wo are accuMtomed almve ground. At ordinary temperatures 
water is a very weak liaseoracid. At If< it is about one bundled times 
weaker than silicic acid, which is the chief acid in the composition of 
the magma, and it can therefore only to an imperceptible d(‘gn*e abstiact 
the silicic acid from the scarcely soluble silieales Hut by increase of 
temperature the relations of the two bodies are entirely changed .Vt 
about 300” it is estimated that water and silicic acid are about eciually 
strong, but that at 1000' water is some eighty tinie.s, and at 2000 about 
three hundreii times stronger than that acid. W ater eoming in contact 
with a viscous magma at tomp«*raturo.s Iwtwecn 1000 and 2000 will 
a(!t there as a powerful acid, whereby free siliiie acid and bases ari.se 
which, by mixture with the unchanged magma, pass into acid and basic 
.silicates, while the addition of water makes the compound more readily 
fluid and causes it to swell and increase in volume. The magma is thus 
impelled to rise in the volcanic chimney, and in its ascent is there 
more rapidly cooled. The water, in eon.sequeiice of the diminution of 
tenqw'rature, becomes an increasingly weaker acid, and large quantities 
of it are expelled by the silicic acid from the hydrates ; the pressure of 
the vapour rises in spite of the decrease of temperature, and if the 
water-charged top of the magma-column come.s ne^ir enough t<) the 
surface, explosions of stwim break their way out above ground. It may 
bo conjectured that even an earlier separation of the strongly condensed 
water may take place, and that by reason of its ^ower density it rises 
to the surface and jiasses with violence into steam. At all events, 
such a sejwration of solutions in two different parts with a falling 
temperature is^an ordinary occurrence. 

The similarity of the funnel of a volcano to that of a geyser is, 
according to this view, tolembly close. In both cases it is water that 
plays the chief part in eruption, though in that of the volcano the water 
is for the most part in chemical combination. W'hen the pressure of 
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the \mter- vapour Wlow overcom(« that of the overlying oolum?i, an 
explosion takes place, followetl in the volciinic funnel by the clearing out 
of the crater and throat of the volcaiio, and by further explosions 
con8e<iuent on the oleamnco thus effectetl. This process i'ontinues until 
in the g^^yser the water has cooled down .sufficiently not to 1)0 able to 
suj)plv more water-vapour of the requisite tension, and in the volcanic 
funnel until so much water i.s given olf from the magma that the 
pre-siure of what remains cannot oviTcome the overlying pressure. After 
w.itcr enough has once more found its way into the magma the operation 
is rcnewe<l 

When a volcanic chimney is wide, the cooling of the magma plays 
a more extraordinary part in the uprise of the molten mas.s. No violent 
explosion.s then occur ; only on the surface of the lava there goes on a 
kind of quiet simmering or .sputtering from the escape of .steam. This 
condition ajipears in the great outflows from Kilauea and the Icelandic 
volcanic fissures, where the lava flows out tranquilly in all directions, 
much as water would do.^ 

While this explanation may not iinprobahly be confirmed by 
further investigation, and be found to )>e applicable to most forms of 
volcanic activity, there always a pos.sihility that other eaiises which 
have not yet been suspected may eventually be discovered to cooperate 
ill the production of tlie eruptive phenomena of volcanoes. For 
nx.ample, it is not unreasonable to sup|M>Ke that in some places the 
ordinary ap|>caraiices of the milder phases of volcanic action may be 
simulated by some of tlie react ion.s de.scribed by M Moissan as ob.servalile 
in metallic carbides p 270). He has called attention to the 

hvdrocarbous associated with the peperites of the Limagne in (Vntral 
France These rock.s appear in many ca.sP8 to fill actnal volcanic vents 
in wliicli there would be the readiest channels of communication between 
the internal magma and the surface. The presence of asjihaltum and 
mineral-oil at some of the yo/y.s of Auvergne was known to (Juettard, 
the original discoverer of the volcanic origin of these cones, who cited 
it as proof that volcanic action arises from the comhn.stion of bituminous 
niiiterials within the earth.- A recent Ixirmg at Uiom, (juoted by M. 
Moi.s.Han, \vas sunk to a dtq)th of 1200 metres, and yielded a few litres 
of petroleum, wliich he thinks probably came from the action of water 
U[)OU metallic carbides at .some considerable depth ' It i.s conceivalile, 
that after prolonged volcanic activity and the conseipient evisceration of 
a portion of the terrestrial crust a p;i88age may b(! opened for the di'scent 
of water to deejicr parts of the magma, where metallic carbides may lai 
massed together, and that in this way liquid and gaseous liydrocarlxjns 
may be evolved. The oxidation of these prcxlucts wouhl give rise to 
carbonic acid gas, which, as we have seen, is a common sign of the last 
stages of volcanic action. 

’ .S. Arrlienius in the pajH’r alreaily on p. 72, from whuh Uiin brief 'liKcst of his 

viewg Is taken. 

* ArxuL Rnyale den Sciencm, 1756. p. 52. 

=* Proe. Hoy. ,Soc. lx. (1897}. p. 156. 
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8om« interesting observiitiona made by Professor Issel at Zantc affoitl Home suf)|K)rt 
to tlie suggestion that volcanic plicnoinena of at least a mild tyjs- may be produced in 
connection with the evolution of hydrocaibons. In the southern part of that Greek 
island bituminous springs have liecn known from the tune of noualotus, who describes 
them. The jilace has also long been noted foi its earl]n|iiakes, which have sometimes 
caused great damage, as hapjiened in the winter and spring of 189Jk The effects and 
causes of the-e mo\ernenta weie studied by M. Issel in association witii M. Agamennone, 
who published an account of their observations ' About tlie beginning of 1895 the 
vibrations of the ground after a jieriod of eoniparutiv'e (piict became more violent, and 
culminated in a violent shock with n detonation like the discharge of eaiiiion and an 
onlrnsh of yellow flames fiom the larger of the two bitnniinous basins. After a few 
days of repose ariotber toleiably strong shaking took place, and a column of water and 
bitumen rose out of the adjacent sea, winch remained in a niiieli agitated state, while 
quantities of blackish .scoihe w'ere thiown ashoje. From the evidence he could collect, M. 
Issel believed that the following conelnsions niiglit be legitimately drawn. Each of two 
bitumiiions springs, one snbaerial the othei submat me, displayed at a short interval of time 
a small eruptive parovy.sm. This jtaiovysm piesentcd igneous phenoinena, with the pro- 
jection of aeriform, liipiid, viscous arnl jierhafts even solid materials, and wins aecoinj>anied 
with a re awakening of tlie local seismic activity. Av oiding to all apjtear.ince. tlie sub- 
staiice.s ep'cled from the .snbmnrim' oi dice inelnded scoi laceous niatei lal, w liicli bm c evident 
signs of Igneous fusion and tesembled certain secondai} piodncts of iiictanun pliism,- 

In concluding this .section we tuny note the- interest jittaching to any 
connection that could he demonstrated hetweeti volcanic action and the 
occurrence of movements in the erust of the glolie —for example, hetween 
some of the gixjat orographie plications and displacements and the out- 
hreak of volcanic activity, either from single volcanoes or from fissure 
oruption.s. Perhaps the most striking instance of an apparent connection 
hetween such terre-strial ilistiirhance.s and eruptive pheiionieiia is that 
supplied by the groat voleaiiie semieircle that sweeps from Central France 
by the Fifel, llochgau and iioheinia into Iliingarv, and which has been 
roferreil to the dislocations con.seqiient on the upheaval of the Alps.^ It 
is possible that some similar relation may jet he traced hetween the vast 
basalt plateaux of the north-west of Kurope and the marked plications 
and ovorthrust wdiicli occurred in that region in older Tertiary time. In 
like manner we may im{Uire w’hether the still more widespread lavas of 
the western Cinted States had any eoniiection with the Tertiary orogenic 
movements which afl'ected that part of the continent. 

Section ii. Earthquakes.^ 

By the more delicate metho<Is of observation which have been 
invented in recent years, it has been a.scertained that the ground beneath 

’ “ Intomo ai ft'noniem sioinici twvcrvati noil’ holu di Zantc durante il 1893,” .lim. Cjf. 
Cmti. (fr'xfirn. \v. (1894). part i. 

- .ltd S<\\ Liffitsf. St’i. yat. (diHfr. vii. (1S96\ fasc. i. Compare the accounts of the 
eruptive action ot the salinella of PatermN in Sicil), /?»<//. Vnlcanimn. Ilol. ann. v. (1878). 

^ Siie>i.s, ‘Antlit* der Krde,’. i. p. 358, Plate in. ; Jiilien, Ainvairf dii Club Alpin, 
1879-80. p. 4 to : Michel -l/vy, Hull. Fmucf, win. (1890), pp. 690, 841. 

* To the iliscussion of the phenomena of Seismology a volunimons literature has been 
devoted. The following general works of reference on the subject may W cited ; — Mallet, 
tint. .l.ss.H'. 1847. pait ii. p. 30 ; 18.50, p. 1 ; 1851. p. 272 ; 1852, p. 1 ; 1858, p. 1 ; 
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our feet is apparently everywhere subject to continual slight tremors and 
to minute pulsations of longer duration. The old expression “terra 
tirnm " is not only not strictly true, but in the light of mo<iern research 
seems singularly inappropriate. liapid changes of temprature and 
atmospheric pressure, the fall of a 8h(»wer of rain, the patter of birds* feet, 

1861, j) 201 ; ‘Tlie (Ircftt Ne.ipoliUin Kartliquake of 1857,’ 2 vnls. 1862 ; A. I'errry, 
Cuunufi. wui. (1841,', rmtinx. In. p 116; U. FjiHi, MJruiulitiige einer 

Tti<*oriy il«*r KrillK-lx-u iitiil Vu!kan«‘iisimslinu'lit*,’ llraz, 1871 . ‘GwUnken tint! Stuilu'u Ulifr 
(leii VulkatnsiiuiH, kv.,' 1874 ; Pfaff, ‘ Mlpi'iufUM' (!eolop»‘ nU exiirte WiRseusrh&ft.,’ 

1878, p. '221 ; Schiindt, ‘Sttuhi-n olvr Knlhvlu'n,' 2mi odit. 1871); ‘Stmhon ain't Valkan# 
un.l Kr.llK!lH>ii,' IHSI . DietTinhac h. AVk/-* J,ihih 187‘2, p. 155; M. H. lii Rossi, ‘U 
Mftcorolftuia 2 vt>ls. 1879 ainl 1882 ; .1. Miliif, ‘Earthquakes and other Earth- 

iiiMVciiniiiti,’ IntrriKit. Sci. .'v-nes (lonUiiis a hiUiography of tin* Kubjerll, 4lh edit 1898 ; 

' Sei'iuiolony,' ifml. 1898. Spn ial pajH*rs will la: referred to ni hnltsequeul jtajtes. Earth- 
quake ( ’oiiiimtU'es lia\e l»een formed iii iliHereiit eoiuitnes for the stud) ami record of 
eartlKiu.ake jih< luuiiena, ami home of them have puldi»he*l valuable rejwuth, Aiiionff these 
are the SeisiiniIo,»u al (’omiiilltee of the Hnti^h A lat ion, Mbiehlms issued an aiimial report 
since 189.5, Itesides a senes of uK ular.s The " Krdla*beii ('omnilssion " "f the Academy 
of vScii rices of Vienna had published tueiity-one rejv)rts up to the end of 1879, and there 
niter ( ouimemed to issue a new senes Still earlier the Socnte Helvetnpie lies Sciences 
Natiirelles appointed a ('oniinitlee for th** stnd> of earthquakes, which are of such frequent 
iKcurreme in Swit/eilaml In Japan also the enlightened (lovernnient of that country 
oiK'anised an Eiirtlniiiake lii\esti"ation (’omtinttee in 1892. the way for whu’h had been 
jirepaied b\ the iiti\e and \vel| or|'anised Seismolojrieal Society of Ja]>an. The ]MiMiCHtiona 
of Mie v.iriiuis national Conimittees contain md only records of earlliquakcs, but many dis- 
cussir.iis of theoreti. al questions m seisnirdogv , and tin refon deserve the attention of th« 
student. As sainpbs of the reuirds ot lo- al l arthipiakes, the following list may suffice ; - 

lUdtsli hlfi f» Milne lloniel, .\fir J’fnl. Jount nxxi. xxxvi ; Mallet's KejKxrt 

111 Knf. Asfui, cited .alKOe . .1 I*. O Reillj, Tkihs Hoy. Itith .Icro/. xxvin No. xvii. (1884) 
and No. \tii. (1886) , fnt tin* last twelve xears .Mr t'liarles Davison has < ollerted all avaiUbla 
iiifoimation re^iHnliiig Hiilish earthquakes, and 11(1.1 published it in tlie J. <•. N., /i>o/. May, 
and Xiilure. 

)rVri/n</( t/.-- ‘ Dai Mitteldeiitsolie Erdbeben voin 6 Marz 1872,' K. von H<*ebii(b. I^eipzig, 
1873 , ‘ Das Erdb. Agraiii, 9lh Nov. 18, HO’ . E (1 Harbo.- in ^Vr/om/’.v llritriujf zor Urnphynik, 
u. (1900), ji. 106 ; V. (1901,, pp. 206 23.8 , (1, (b-il.ind, o// iv, p. 4*27 . v ( 1901 ), pis i-xvi ; 
E. Rudolph, «}, nt. v pp. 1-169; Fmlis, AVi/cs Juhth. 1865-71 . ‘ Erzgebirg. Vogtlaml. 
Erdb,’ 1876-81; II. Credner, Zn/^rh XatunnsHfu. Ivii (1884). Erdb. 26lh Dec. 
1888, limrht K. .Sr/i/iv. (t'l-, U'l.sw/; February 1889; July and August IIKK), op cit, 
Nov. 1900; Dr. E von UelH-nr 1’a.schwitz Hritrdyf. zui (Sfiiphymk^ n. 1895, pp. 

211-536) gives u voluminous discussion of enrtbqiiaki oliHervatinus at diflerent obscrvatoriea 
in 1892-94. 

Ai's/rm. -Reports of the “ ErdlielM-n t'ommission ’ alaive referred to ; alio F E. Hueii, 
“ Neuleiigbacb, 2'*th Jaiiiiarv Joliih. (r'eol /^■((// 1 rtnx^ 1895, p. 77 , “ Laibacli. 14Ut, 

April 189.5,” op. nt. 1897, pp. 411-611, T-<r/o J/i« A/df/i 1873 and inlmerjiient 

yeara. 

//o/i/. -Mercallt, in ‘ Vulcan i e fenomem Mibanici in Italia’ gixc' an at count of 
Italian earthquakes from 1450 t{,o. to 1881 a 1) ; alvj a de.smptioii of the great earthquake 
of 1883 in his ‘ Iwdt d'lHchiH.' Milan, 1884 The effects of the li< hiari earthquake were 
alsti descnbeti in an official re|K)rt published by the Miniatry of Public Works, Rome 1883. 
See also the HoIUjltino dd VuJoiniww JUdwitv, iM'giiii in 1871 ; ami the lixUeUino dtUa 
Sf>ridd Suttaolagim lUdmna. 

Spam and Portvynl. — F. de Monteaaus de Ballore, ” l4i Peninaula Ib^ica .St'Umica," 
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and still more the tread of larger animals, produce tremors of the ground 
which, though exceedingly minute, are capable of being made clcarlv 
audible by means of the microphone and visible by means of the gah ano- 
raeter. Some tremors of varying intensity, and apj)areMtly of irregular 
occurrence, may be due to minute movements or displacements in the 
crust of the earth. Le.ss easily traceable are the slow pulsations of the 
crust, which in many cases are ptirifxlic, and may depend on such causes 
as the diiirtiid oscillation of the thermal or barometric conditions of the 
atmos[)hero, the rise and f/ill of the tides, cV'c. So numerous and well- 
marked aie these tremors and pulsation.s, that the delicate olwervations 
which were set on foot to determine the lunar disturbance of gra\ ity had 
to ))e abandoned, for it wa.s found that the minute movements sought for 
were wholly ecli[)se(l by these earth tremors ' 

Ihe term Karthquake denotes any natural subteri'aiiean concussion, 
varying from tremors so slight as to be hardly perceptible up to severe 
shocks, by which houses are levelled, rocks dislocated, landslips precipi- 
tated, and many human lives destroyc'd. Tln^ j)henoniena are analogous 
to the shock conimuiiicatcd to the ground bv exjjlosions of mines or 
powder works. Ihey may be most intelligibly considered as wav (’-like 
undulations propagated tlirough the .solid enrst of the earth. 'I’he iiatuit; 
of ettrth(|uake motion, howevi’r, somewhat comjilex. Mallet (h’tiiied 
it as “ tlie transit ot a wave of elastic compression, or of a sm’ca’.ssion 
of these, in paiallel or intersecting bin’s through the solid substance 
and surface of the disturbed eountiy.” Mr. Milne has shown that the 
disturbance may also be diu’ to the transit ot waves of elastic distortion, 
lie points out that at least three kinds of movements may be observed, 
having different velocities of propagation -an undulatory motion (»n the 
surface of the earth, elastic waves travadbng from the c(>nlre of .shock to 

Ann. Stx. Ihst ,\„f iii (t.siMl, - fltii.los n•liltlv.•^ .m tn-niliUniont de tern- 

du 25 isst." Koii.|n.-, M>'>n Auu/ \\\. |,|>. 770, 

C, Hfirntis, .!///«. .s’,„, .sv , vn (ISSa). 

Scnniiiimn.t F.,i i„.m\ vr.iis {...st K. Svf.lniai k li.o . Iikmii. U-d .non v.ar tlk* Swcleli 
eartluninkv'. m tlir \i)lniiic>* ol tlic ({m/ luncn .s'o.. 

Vnitcil T1h> (’:ililooii,iu farfl)<|ii.ik«‘s li!U*‘ lie n r.-giM.-ied miuv 1880 111 tlio liiill, 

U. s. OVe/. .s'm/mv The .Mrtluni.'ik.-. 011 t lit* I’.u ih. coust from 17()!» to 1807 liavr* Wfii 
catalogued l.y K. S. Holden, .l//v. c.^/. No, ln87 J.soSk Kiirtlnunkes of vpei i.il 

magnitude, oleli ns tlmf of t'liuilest.m in ISSf), lia\e Ueeii llie Mil.ie.f ol s,.).ar.ite a. coniils 

JofHiii. - Vhc TiOiisii-fiiin't of fhr .S<’is„iofo;/i,-ul .'<01 i<f>/ of .hipno aio .n stoielnnise of 
infonil.-ition in leg.iid to tin- seismology ot tli.al lonntry. A gem r.tl index to these xolnnies 
and to tlie S iHmoloijool ./oin n<i/ of' .fopun (of wliieh eiglit volumes Imxe jippe.ired nj. to 
1902) will found iif the end of Mr. Milne’s ‘Seismology.' Uefereiite'i to special memoirs 
on some .lapanese e.'iitlnpiakcs will U- given in snl»se(|iu>nt pages. 

' A. d’Abhadie, ' fifiides siir la Verticale,’ 1872. 1‘Inntamonr. Compte.’i i,'n<f. June 1878. 
Febniaiy ISSl , Anhm.’t S,n,Hrs Ffitf.-. A'lii. (Jeiiexa, ii p. (541 ; \. p 07 , \ii p. 601 ; 
viii. p. .O.M , \. p. 616 ; \ii. (ISSIk p. 388. U. H. Daiwm, Itut. .I.vms-. 1882, p. 05 . in 
this liaj)er I’lxifessor D.irwm discusses tli« Hinount of disturlmnoe of the vertical near the 
coasts of rontineiits iMiise.l 1>> the rise ami fall ot the tide. J. Milne, Tiamt Sfisni. . 
JnjHtn, vi. (1S8J), p. 1 . (tV»</. Mn;/. 1882, p. 482 . An/iire, .wvi j). 125; 'Seismology.' 
pp. 266, 272. The essay 1>\ S. (iuiitlier. ipioteil on p. 364. Tlie nnmerons obserx aliens made 
by Uossi in Italy are sninmaiised by 4i, Merealli in his vork citeil above, p. 332. 
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vaiious points upon that surface, and instantaneous distttrlkanco or an 
apparent hii^h velocity due to Ixaiily displacement at the oenti't* or within 
an “earth<|uake core" and the transmission of elastic or <] nasi -elastic, 
vibrations or to a combination of such plienonieiia.^ 

Ikwides the waves transmitted through the solid crust, others are also 
propagated tlirough the air and thn)Ugh the ocean. K‘irth»|uak(‘s origin- 
ating under the sea are ladieved to be more numerous than th(»se cm the 
land They illustrate well the three kinds of waves associated with the pro 
gress of an eaith<|uakc. These are; Isi, The (‘omplex earth ^^avea througli 
the earth’s crust , 2nd, a wave projagateil tlirough tlie air, to which the 
characteristic sounds of rolling waggoirs, distant tlnviuler, liellowing oxen, 
I'ijc., are due;- drd, two sea-waves, one of which travels on the back of 
the earth-wave and reaches the land with it. pHslucing no sensilde efliect 
on shore ; the other an enormous low swell, cau.sed Ity the liist sudden 
blow of the earth ua\e, but travelling at a much slower rate, and reaching 
land often s('\eral hours after the earthijuake has arrived. 

Range of Earth-movements. — The jiopular eoneeptioii of the extent 
to which the ground luoxes to and fro or up uml down during an earth 
<iuak(‘ is a gieat exaggeiation of the truth. As the result of very I’andnl 
m(‘asurem('iit with delicate instruments, there appears to la* leason to 
believe tliat the range of tile hori/ontal motion or distance between the 
limits of s\sing at the tinn* of a small eartb*|Uake is usually only ibc 
fraction of a millimetre, and seldom exceeds three or four inillimetreB. 
When the motion rises to 10 millimetres it is dangeious, whih* if it 
exceeds 20 it is certain to be, accompanied by tin* shattering of chimneys 
and other forms of d<*stnietion In a severe (*artln|uake at Tokyo, dapati, 
on 20th .lunc 1S1)4. the rangi* of motion indicat«*d by the instruments was 
as miicb as (53 millimetres (21 ineh<*s), and in that of ISO I it may have 
been as much as nine or twelve iricln*-' 'I'lie veitical motion also appears 
to be exci'edirigly small In the ISO-t eaith<inake just lefeired to, it 
amounted only to 10 milhmeln'.s or less than half an inch ' 

Velocity - E\penment.s have been made t(» d<*termine the velocity 
of the earth-wave, and its variation with the nature of the material 
through which it is propagated Mallet foiiml that the .shock jiroduced 
by the explosion of giinpowiltM’ travelled at the rate per second of ^*525 
feet in .Siiiid ; 10S8 feet in .schists, slates, ami <juart/,iles ; 130(5 feet in 
frialde gi-anite ; and 1(5(5 4 feet in .solid granite, ami that as a inle the 
velocity inerea.sed with the force of the initial impulse (icneral Alibot, 
by observing the effects of the exph»sion of dynamite and gunjiowder, 
found the velocity of transmission of the shm’k to vary from 1240 to 
8800 feet js'r second, and to l»e greate.st where the shock is mo.st violent.^ 

' • St'i'.tijulof'j,' |i, UK. 

On tlif iiAtiire and onjfin of t-arthqiiake soionU. si-f DaMKoii. ,1Ao/. 18K2. jt, ‘20H , 
Phil. Moff. \lu. (1900). |>p. 31-70. 

^ Mihif, ‘Seismology.’ p. 78 rt nrq. An ingenious mo*lel in wiie lifts lieeri ilia'll! liy 
Professor Seki\a to illustrate tlie highly complex path piirsncd hv a partich* on the Kurrac« 
of the ground during an eartlujuake at Tokio, dapan. on If'lh .lanuarx 1887. 

^ JuMCH. Sr\. \y. (1.S78). Profeaaor J. Milne, exiierirnenting in Japan, hH-s likewise 
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Professor Fouqu^ and M. Michel-L^vy conducted a series of experiments 
in France hy explosions in deep mines, so as to measure the velocity from 
these depths to the surface. They ascertained that in granite (surface) 
the speed ranged from 2450 to 3141 metres per second ; in coal-measures 
from unflergrouiid to the surface, it was from 2000 to 2526 ; in Permian 
sandstones le.ss compact, 1190; in Cambrian limestone, 632; and in 
Fontuinobleaii sund.stono about 300.* 

Observations of tin? time at which an e^irthquake has successively 
visite.d the diH’erent places on its track have shown similar variations in 
the rate of movement. Thus in the Calabrian eartlnpiake of 1857 the 
wave of shock varied from 658 to 989 feet per second, the mean rate 
being 789 feet. The earth(|iiake at Vi^ge in 1855 was estimated to have 
trav(‘lled noithwards towards Htrasburg at the rate of 2861 feet per 
secorul, and .southwards towanls Turin at a rate of 1398 feet, or Ic.ss than 
half the northern spe.ed. The earthquake of 7th October 1874, in 
Nortliern Italy, travelle<l at rates varying from 273’ to 874 feet per 
second. Tliat of 12th March 1.S73 showed a velocity per second of 2734 
feet between Itagusa and Venice; 4101 feet from Spoleto to Venice; 
601 feet from Perugia to Orvi«!to; 1610 feet from Perugia to Ancona; 
and 1640 (or 2188) feet from IN-rugia to Kome. The rate of the Central 
European eartlujuake of 1872 was c.stimated to have been 2433 feet; 
that of Herzogenrath, 21th dune 1877, 1555 feet ; that of an e<'irth(|uake 
at Travaneore, in Soutlu'rn Hindustan, 656 feet in a .second.^ The most 
accurate im'asiirements and computations of the velocity of carthfpiake 
mo\cmentsare probably those that hav(! been made in -lapan On 9th 
and 11th December 1891 the mean \elocity wa.s determined to be 2’31 
kdometres (about l.l English mile) ]»er .second. In the destructive earth- 
quake of 28th October 18'.U the av(‘rage rate was 2'40 kilonuitres. The 
same di.sturbance was felt in Europe ; it appears to have travelled to 
Shanghai at the rate ()f 1‘61 and to Herlm at that of 2'98 kilometres per 
second. As the result of prolonged ob.ser\ation. Professor Milne concludes 
that “dilferent eartlujuakes, although they may travel acro.s.^ the same 
country, have very variable velocities, varying between several hundreds 
and several thousands of feet per second; and that the greaUu’ the intensity 
of the shock, the greaU’r is the \elocity.”’’ 

a.'U’eitftiucil Hint ii t'lnso iflatioii eMst-* tlip imtml vlolpnrp of the shock and the 

vcloi'itv of pro|'a>;iition, and Unit there is a projjressive dnninntion in speed as the wave of 
shock truiels outvvard fiom the centre of di-'tiu banco. Pior. Ro;/. .Knc, 1881 ; /VuV. Mog. 
1881 ; Phf/. Tron^. l.SS'l 

* Mtnwirfs A rail. Stu. Fttnict', tiuiie \\.\. (’1889), p. 77. 

K. von StHdinch, ‘ Das Mitteldeutsche KrdWlicn \om S Marz 1872,’ Ijoiptijf, 1878. 
Ilofer, Sifib. Allrnd. Ubc/i. I>ec. lS7d. von La.sanl.\, ‘ Diis Erdlieben von Herzoftenrath, 
22nd Oct. 1878.’ Bonn, 1874 ; ‘Das Erdbelnni von Herzogennith, 24 Juni 1877,’ Bonn, 
1878. G. C. l.anbe on Earthquake of 31st January 1883, at Trautenau, Juhrb, fifU. Reich. 
1883, p. 331. H. Creduer on the Earthquakes of the Erzgebirge and Vogtland from 1878 
to 1884. Zeifsch. /dr Xntunriss vol. Ivii. (1881). F Wahner on Agrani Earthquake of 9th 
Nov. 1880, Sitz. Akiui. Wtm, Ixxxviii. (1883), p. 15. Di Rossi. ‘ Meteorologia Endogena,’ 
i. p. 306. P. Serpieri, Inat\Mo L(mbnrd(\ 1873. 

* ‘Seismology,’ p. 110 seq. ‘Earthquakes,’ p, 94. 
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During the last ten years seismological self registering instrumenU 
have been set up at many widely separated sUtions all oxer the world, 
and the tinui of arrival of earthquake waves is th\i» acenrately record^. 
In the computations l(» ascertain the centre of origin from xvhicli these 
xvaves have travelled, it is neces^arv in the meantime to assume that the 
velocity of their propagation is constant, and the most prolwililc rate has 
l)een taken to be 1 tl |>er minute or approximately three KilomtUres (i>SU) 
feet) per second ^ Hecent observations, howi‘ver, have shown the xeloeity 
to increase xvit(h distance from the centre of origin, and that for great 
distances it is higher than might Ik* expected foi xxa\<‘s of compression 
through a mass of glass or steel . moreover, at any ohserxing station only 
one disturbance is recorded and not txxo, which would be tlie case if the 
xvaves passed round the earth, whence it has been infeircd that “tin* 
movements due to large eartlwjuakcs aie paitly at least jiropigated 
thioiirih the world” - p .‘171) 

Duration.' The number of shocks in an eartlnpiake xaries indi'linitely, 
as well as the length of the inteivals In'tween them. Sometimes tin* 
whole eHrth([Uake only lasts a fexv seconds thus the city of ('aracas, with 
it.s tine chuiches and IO,0(H) of its inhabitant", xvas destroyed m about 
half a minute; Lisbon xvas oxerthroxvn in fixe minutes. “ 'I'lie avi-rage 
duration of earthquakes of modi'.rate intensitx recordeil by instniments 
in 'Fokvo betw'cen ISS.a and I^^IM xvas IIS si'conds. Seven of these, 
which were strong, xxere recorded over peiKHb the average of which xvas 
six minutes thirteen secomls.' * Ihit .i sutscssion of shocks of vailing 
intensity mav continue foi <lays, xva-ck.s, oi months 1 he ( alabnan 
earth([uake, which liegan in Fidnuaiy ITi^'L "as continued b\ nqiisitcd 
shocks for nearly four vears until the imd of 17St; 

Frequency. Itilb-rent eartlupiake regions vaiy gn'atlv in the length 
of time-intervahs lietvveen the .succes^xe shocks Some aie specially 
sensitive, being shaken at fiequent interxals bx eartlnjiinkes of xarying 
degrees of intensitv .Ia{ian is one of tlie most signal examples of such 
seri.sitivene.s.s. d'hus during the years 18 k,") to ISOO there was a gradually 
increasing number of shock**, which at last numhered rather more than sixty 
per annum, leading tip to the great catastrophe of ‘JHlli (htolwr in the 
latter year. After that disastrous exent 11. ‘12 shocks xvere recorded in 
the first ten davs, and in the (*nsuing two yu’ars they niiiTil»ei(‘d no fexver 
than .'13G4. Kveii in a region xvhere no sexeie earthquake lins exer been 
felt within the times of history, fiequent minor shocks may take place. 
At (yomrie, in Perthshire, for instance, xvhich is the most sensilixe seismic 
district in BriUiin, twelve earthquakes oiiiirred xvithin the month cif 
January 1844. 

Periodicity. — Attempts haxc l>een made wdth more *»i less success to 
eonneet .sei.smic disturlwiiiees xxith different external infiiienees. fine of 
these, to xvhich importance has iieen attached )»}’ some xvriters, is that of 
the moon ; but the latest re-examination of earthquake lists has shown 
that little reliance can be placed on the deductions which haxc l>ee!i 

' “Fifth lleytort of SewmolopcttlluTf^tigation's’' Hut. Author. IftOO. 

* Miluo, ' Sewniolog),’ p. 113. ^ 
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drawn in favour of lunar offects, seeing that the terrestrial disturbances 
have been e(|ually frequent during each of the lunar periods.' More 
success has attended the oinleavoiir to trace a relation between earth- 
(juake.s and the succession of the seasons. An annual maximum and 
minimum has laien ob.servc<l, earthquakes occurring most frequently in 
winter, and least fre(iuently in summer.'^ Out of 65G earthquakes 
chronicled in France up to the year 1840 , three-fifths took place in the 
winter, and two-fifths in the summer months. In Switzerland they have 
})ecn observed to be about three times more numerous in winter than in 
summer. The same fact is remarked in the history even of the slight 
earthquakes in Britain, and the law appears to hold in the southern as 
well as the northern hemisphere, the maximum number of shocks occurring 
in the one during the time when the minimum takes place in the other. 
This annual [xjriodicity is attributed by Dr. Cargill Knott to long-continued 
stresses over larg(‘. areas caused by barometric pressures and accumulations 
of snow.'^ No marked diftcreiicc has been detected in Japan between the 
number of earthquakes that take ])laco by day and of those by night, 
but there a])p(‘ars to be a maximum and miiiimum during each twenty- 
four hours, which is best marked during the winter months. The 
nui.ximum which begins at midnight in ilanuary grows later until -bily, 
when it reaches midday, while from •July to l)ecem))er the time 
minimum becomes correspondingly earlier.' 

Modifying influence of Geological Structure. — In its passage 
througli the solid terrestrial crust from the focus of origin, the earth- 
wave must be liable to continual dcHections and dclavs, from the varying 
geological structure of the rocks. To this cause, no doubt, must be in 
large measure ascril)e<l the marked <litTerences in the rate of propagation 
of tlie same oartlujuake in diflerent directions The wave of disturliaiice, 
as it passes from one kind of rock to another, and encounters materials 
of very diflerent elasticity, or as it meets with joints, dislocations, and 
curvatures in the .same rock, must be liable to manifold changes alike in 
late and in direction of movement. Even at the surface, one elfoct t)f 
dirt'erence.s of material may be seen in the apparently capricious demo- 
lition of certain quarters of a city, while others are left comparatively 
scatholoss. In such eases, it has often been found that buildings erected 
on loose inelastic foundations, sucb as low ground overlying soft sand 
and clay, are more liable to destruction than those jflaced upon solid 
rock, especially where high and hard. In illustration of this statement 
the accompanying plan (Fig. 71) of Port Royal, .Jamaica, was given by 

* l>r. Knott, liowe\»T, believes that as the ina\mium treqnenc) of eiirtlujuakes falls near 
the time of jieuxee it ma) l<e eouueoteil with the inwu’s distjnioe. Mr. Ohlhain also thinks 
that a nmviinmn iVequeiioy of earthquakes may be oliserMsl at the time of passage of the 
circle of maximum hoiizontal thle-protlncing force. 6Vo/. Ma>j. 1901, p. 451. 

’ See the works of Perrey oitwl on p. 359. Schmult, ‘ Studien uWr EnllieWn,’ 2nd edit. 
(1879). 

» PrtK. S,H\ lx. (1897). See S. Gunther ((f'erluHtl's lieitrUgt zht Phystk, ii. (1895), 
pp. 71-152) for a di.scu>vsion of the intiueuce of atmospheric pressure on the pnsluction of 
mlcroseismic and other movements of the crust. * .Milne, ‘ Seismologx',’ p. 217. 
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Do la Beche * to show that the portions of the town which did not dis 
appear during the earthquake of 1692 were huilt U|K>n solid Mliilt' 
limestone, w'hile the parts huilt on sand were shaken to pieces.'- 'Die 
same eonditiotis are strikingly exemplified in the city of Tokyo, .lapan. 

It has been observed that an earlhipiake shock will pass nndef a 
limited area without disturbing it, while the region all aioiind has U'en 
attected, as if there were some superficial stratum pioteeted from the 
earth-wave. Humljoldt cited a case where miners were driven up from 
below ground 1)V earthquake shocks not perceptible at the surface; and on 
the other hand, an instance where they experienced no sensation of an 
carth({Uiike which shook the surface with considerable \i<tleiice.' Such 



1;;; Tl-I’liUiol I'ort llxjal, tlii' i-lli-i-tH >•[ tin of Id',''.' (H ) 

i’ » , I'oi limis 111 Oif liiwii I'llil! 11)1 lliili sti'iK Hldl IdO -.In n il 11 ,^ ilfO'f tin ' iiO .< c, I , tin 

'll On* t'AOi I'Oor til Ui" f'.irrlHjiMkd , N N, ,;iiiiiii'l ^!iiii"l !•> (In iliiMiiv .if Mini up t.i the i ml nl 
i.i'.t I I'litni \ , I L 11, aiMitii'iis fii.iii On sitnirt.tUM iliiiin^ tin tiri<t nii.ii In nl 1 1n ini.siiil diiOim 

facts biing impressively iiefore the innnl the extent to \\hi<li the course 
of the earth wave must be m(Klifie<l bv gcohfgical structuie. In .some 
in.sUuices, the shock extends outwaids Irom a eoiniieui ccntte, so tlial a 
series of concentric circl(*s may be diaun louml the foctis, eath of which 
will denote a certain approximately uniform niten.«ity of slioek (“ effseismie 
lines” of Mallet), tins intensity, ol eour.se, diimnishiiig with ibstanee from 
the focus. The Calabrian earthquake of 1 'So? and that of Central Kurope 
in l.'^72 may be taken in illustration of this eenlral type. In fftlier 
case.s, however, the earthcpiake travels chicHv along a eeitain band or 
zone (particularly along the Hanks of a mountain chain) without advane 
ing far from it laterally. This type of linear cartlujuake is exemplified 
by the frequent shocks which traverse Chili, Tent ami Ecuador, between 
the line of tlie Andes and the Tacific coast * 

' •(«eolo^ial Ob'><'r\er,' p, 246. 

■* Tlie oppoHiti' cfftfct has tna'ii ohsern*«t on thf ol.iii'l ol Ivhia, tin- houM«*'< built on Ioom- 
siilmoil generally having hiifTere*! much 1 «»k than the others, 'rberv apiiearK, iiutwd, to in* a 
eonxnlerable conflict of teatinion^ on this subject See .Milne, ‘ h^itbijuakes,' [►. j:iO, 

* CoHiiros,’ Art. hirlh(jn<ik>'K, 

* For a list of Peruvian earthqu.lkch Iroin AD. IfoO to 187:'', '-ee *•«•<»!) ajih Mny iv. 

(1877), p. 206. The earthquake of 9th -May 1.''77 at Iqunpie, and ita ocean-wave, are (teM.ri)K-d 
by E. fjteiuitx, .Vorn Act. Ac. Cir.<r. t’l'c. xl. (1878), pp 88:{-444. 
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Extent of country affected. — The area sensibly shalcen by an earth- 
(^nake varies with the intensity of the shock, from a mere local tract 
wliere a slight tremor has been experienced, up to such catastrophes as 
that of Lisbon in 1755, which, besides convulsing the Portuguese coasts, 
extended into the north of Africa on the one hand and to Scandinavia 
on the other, and was even felt as far as the east of North America, 
flumholdt computed that the area shaken by this great earthquake was 
four times greater than that of the whole of Europe. The South 
American earthquakes are remarkable for the great distances to which 
their efiects extend in a linear direction. Thus the strip of country in 
Peru and l<>uador severely shaken by the earthquake of 1868 had a 
length of L^OOO miles. The great Ja|)ancse earthquake of 28th October 
181U shook an area of 2t3,055 square kilometres, or more than 60 per 
cent of the whole extiuit of the empire of flapan, an area equal to the 
British Isles, Holland and Denmark put together.^ 

But far beyond the regions where the earthquake movement is 
})erceptible by the senses, it is detected and recorded by 8eismometet“s. 
So delicate are these instruments tliat probably no earth<juake of any 
con8e(iuonco can now take place without being recorded by them even on 
the opposite side of tlio globe. Thus the Assam eartlKpuike of 1 2th 
June 1807 was registered by great disturlMince of the seismometers at 
the various observing station.s, even as far as Edinburgh, a distance of 
nearly 8000 kilometres (5000 English mile.s) from the centre of oiigin.^ 
Depth of Source. —According to Mallet’s observations, over the 
centre of origin tin*, .shock is felt as a vertical up-and-down movement 
(.SVis/nic rertirtil ) ; while, receding fiom this centre in any direction, 
it is felt as an undulatory movement, ami coriu's up moie and more 
oblicpiely. The kiujU’ of emenjcrn'e, as he teimied it, was obtained by him 
by taking the mean of observations of the rents and di.splacmnents of 
walls and building.s. In Eig. 72, for example, he concluded that the wall 
there represented had been rent by an earthqmiko which emerged to the 
surface in the path marked by the arrow. The reliance that can be 
placed on this method is, however, not always very great.^ 

By such observations Mallet estimated the approximate depth of 
origin of an earthquake. Let Fig. 73, for example, represent a portion 
of the earth’s crust in which at a an earthquake arises. The w'ave of 
shock will travel outwartls in successive spherical shells. At the point 
e it will bo felt as a vertical movement, and loose objects, such as paving- 
stones, may be jerked up into the air, and descend bottom upjiermost on 
their previous sites. At d, however, the wave will emerge at a lower 
angle, and will give rise to an undulation of the ground, and the oscilla- 
tion of objects projecting above the surface. In rent buildings, the 
fissures will be on the whole perpendicular to the path of emergenca 

* B. Koto, Journ. Coll. iki. Jajuvn, vol. v. part iv, (1893), p. 352. Also a paper by 
R, D. Oldham, ‘*Ou the Pl'o^uigation of Earthquake-motion to Great Distances,*’ Ph\l. Tratu, 
oxciv., A (1900), pp. 135-174. 

* “Thinl Report on Sewtmol. luvestig.” Bi'U. Aiukk. 1898, p. 205. 

^ Milne, 'Seismology,' p. 195. 
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By a series of observations made at different jwints, as at </ and /, a 
numlHjr of angles are obtained, and the |K»int where the \Hriou8 lines 
cut the vertical ((f) will mark the area of origin of the slunk. By this 
means, Mallet computed that the depth at which the impulse of the 
f ’alabrian earthquake of 1X57 was given was about five miles. As Uie 



ri>.' TJ Will Hhaltt rcMi) ittt K«ith<|ii.U«* n( whi< li lli.- •' |int!i <>( ciik ip* in f ' )ia» l(*‘i u iii tlm 

tiDii sh*i\Mi I'V tin' .iimw ( Mut Malu-l ) 

general result of hi.s iniiuiries, he (oiicluded that, on the whole, the origin 
of eai'th(|uak«^s mu.sL be sought in coinp.ir:iti\ely superliiial parts of the 
crust, ])roba))lv^ never exceeding a dcjilh of 50 geogiaphnal miles. 
Ffdlowing another inetluKl of calcnlatinn, Von Sccbach coinpnteil that 
the eartlujuake which affected (entral Kuiop** m 1S72 originated at a 
depth of lf-6 geographical mde'* , that of Helhmo in the same year was 
estimated by Hofer to ha\e had itssouice rather moix* than I niih*s deep ; 



Fi^ 73 - Mallefft iJiwJ*- <if i Htiiiwtioii of ‘kj>ll( <>f vjiin ‘ of KaiUnjuftkf itioxrnii'iitH 

while that of Hcrzogennith in 1873 w;us placed hy Von Lasaiilx ala 
depth of alxmt miles, and that of 1877 in the winie region at about 
14 miles.* 

Seat of Origrin. — There appwirs now to be no reason to doubt that 
the great majority of earthquakes originate under the sea.- The 
submarine tracts more specially liable to them lie along the K'lses of the 
' See ]ia{M:n» liy Hufer and A. voU La<.aiiU, <jn «l om p 362. For aij a< <-oiuit of the 
various methoils eni])loveil in eHtimatniK Hi*’ «lepUi of ooKift of earthquakes, lee Milne’e 
• Earthquake.*),' chtpleni x and xi. CouKult aUo the ’IraM, Sfuivu>log. •'v/r. Japan. 

* The phenomena of suhniarine earthquakes are discusMsl liv Kmlolph in his pa]ierH cited 
aKU, p. 332. 
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steep declivities of the continental areas. Such a line of disturbance, for 
example, lies out at sea along the eastern coast of Japan, where the sea- 
bottom plunges down into the great aVjyss of the Tuscarora Deep, the 
bottom of which lies more than 24,000 feet below the sea-level ; and it is 
from that line that most of the earthquake.s, which are so numerous and 
often so disastrous, arrive in Japan. Thus the seat of the destnictive 
earthquake of Ibth June 1896 was situated near the foot of the western 
slope of that vast depression at a depth of 4000 fathoms, and not at a 
point but along a line of considerable length. Another similar line of 
weakm'.ss liiw along the steep submerged western front of South America 
between Valparaiso and I([ui(|ue, where the bottom likewise sinks into a 
deep trough.^ On land the most frequent earth([uake8 tiike place along 
mountain chains, especially thi>se of which the latest upheavals date from 
lat(! geological time. As many of tliese mounUiin chains, particularly 
when near a coast line, are dotted with volcanoes, it wa.s formerly believed 
that cartlupiakes weic especially prominent in volcanic di.stricts. Hut 
although they do occur in such annus, they are much more al>un(lant in 
other non -volcanic regions. The severest European earthquakes, for 
instance, have taken place not around Etna or Vesuvius, but along the 
Apennines, the Alps and other districts far removed from any active 
volcano. 

Distribution. — While no large space of the earth’s surfaci^ seems to 
be free from at least some degree of earthquake-movement, there are 
regions more especially liable to the visitation. In tlie Old World, a 
groat belt of eartlupiake disturbance stretches in an I'ast and west 
direction, along that tract of remarkable •Icpre.ssions and ele\ations Iving 
between the Alps and the mountains of Noithern Afraa, and spreading 
eastward so as to enclose the basins of the Mediterranean, Black Sea, 
Caspian and Sea of Aral, and to rise into the great mountain ridges of 
('entral Asia. The borders of tin* Pacific Ocean are likewise sulqect to 
fianpient earthquake shocks Some of the most terriiile earthquakes 
witliin human experience have been those which have aHected the western 
seaboard of South America. It is worthy of notice that the coasts of the 
Pacific Ocean more specially liable to convulsions of this nature plunge 
steei»ly down into deep water with slopes of one in twenty to (uie in 
thirty, while shorelines such as those of .Vustrulia, Scandinavia and the 
east of South America, wdiere the slope is no more than from one in 
fifty to one in two hundred and fifty, are hardly over alVected by earth- 
quakes. It shouhl also be remarked that while earth([uakes are apt to 
occur along the Hanks of mountain chains and to travel along these lines 
of elevation, they seldom cross a large chain. In Japn, for example, the 
earth- waves which arrive from the ocean become feebler .us they travel 
inland, until they are luyirly impt'icoptible in the mountiunous backbone 
of the island, beyond which they rarely extend.- 

' Tin* evUleuce fwin chafed and broken telegxajih cabK-.s as to iirolwblu displ.-nvnu-nts of 
c.xclvk an*l swUinent by submarine seismic disturbances ha.s been collected b) Dr. John Milne, 
> <b-octjanic (.'hanges,” Jovrn. August and Sept. IS97. 
a M Milne’s ‘ SeHmology,’ p. 31. 
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Causes of Earthquakes. — Though the phenomena of an earthquake 
])ecome intelligible as the resulte of the transmis-sion of waves of shock 
arising from a centre where some sudden and violent impulse has been 
given within the terrestrial crust, the origin of this sudden blow can only 
be more or less plausibly conjectured. Various conceivable causes may, 
at different times and under ditt'erent conditions, communicaU^ a shock to 
the subterranean regions. Such are the falling in of the roof of a sub- 
terranean cavity, the explosions of a volcanic orifice, or the sudden snap 
of deep-seated rocks subjected to prolonged and intense strain. Each of 
these disturbances no doubt from time to time gives rise to earthquakes. 

In countries where the underground rocks are liable to considerable 
solution by percolating waU‘r, and where constajuently tunnels and caverns 
are formed, it is obMous that occasionally the roofs of these empty spaces 
must collajwe, and wlieii this takes place a shock of greater or less intensity 
will be propagated outward from the centre of di.sturlance. In the Visp 
Thai, (-'anton Wallis, for example, where ther(‘ are some twenty springs 
carrying up gyp.sum in solution (one of them to the extent of 200 cubic 
metres annually), continued rumblings and .sharp shocks are from time to 
lime cxp<’i icnced. In July and August IHjr), these movements lasted 
upwards of a month, and gave ri^? to the fi.ssuiing of l>uildiiigs and the 
precipitation of landslips. In the honeycom))ed limestone tract of the 
Karst, al.so, eaiLh((uakes of varied inten.^ity are of eonstant occurrence. 
Again, the long continued and copious discharge of materials from a 
Aolcaiiic M’Mt may give rise to one or more large c4V\ernous spaces in the 
terrestrial crust, which, jierhaps longafUr the close of eruptive activity, 
may collapst' and finKluco an earthquake Hut the shoi'ks originated in 
these way.s are .si* local and generally so shallow that thi'y can hardly 
cause any wide.sjiread disturbance 

More important are the eaitlujuakes that aii.si* fi'orn volcanic explosions. 
It was formerly, indeeii, the general belief that these comprise by far the 
largest number and the m<*.st <lestriicti\<‘ «*f all. Hut, as above sUted, 
this err'Oneoiis conception has been drspioNcd by further ol>servation. 
Not only have eart)ii(uakes been found t<* be more nunuwous and power- 
ful in non-volcariic than in volcanic regions, )»iit those which accompany 
even the most violent \<)l('anic explosions have lieen ascerUiined to Iks 
distinctly more local in their effects than tlie others The tremendous 
cata.slroj)he of Krakutoa in IHH3, though it alhM U-d the ocean and the air 
over the whole globe, does not ap|Mjar to have gi\en rise to any widespread 
shaking of the terre.strial ci'iist. The great loss (*f lib' and [(roperty 
which it caii.sed arose mainly from the inrush of the .sea wav*'S j*ropagaterI 
outwards from the site of the volcanic disi haige in Snnda Strait. Again, 
the great explosion of Handaisan in IHKH sh(*ok an area of not more than 
2000 square miles. As Mr. .Milne has pointed out, it is difficult to 
imagine that the primary impulse of a shea k which will be felt over an 
extent of five (jr ten thou.Viiid square miles * an take its ri.se at such a 
mere local focus of energy as that of a vrjeano.^ It wouhl .seem to be 

' 'Seismology,’ p, 30. Compare 1*. Rmlzki, ‘'Stnilien aua <l<-r Thconc der Kr<]l*elicn,'' 
(•‘^rlatul’s Rniro'jt zvr ill. (ISllS), pp. 495 540. 
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necessary that this impulse should he exerted over an area very much 
larger than can be supi^scd to belong to even the most powerful 
volcanic vent. 

There is now a general agreement that the cause of the more 
important earthquakes is to be sought in the effects of terrestrial con- 
traction.* Dr. Hoornes, from a study of European earthquake phenomena, 
came to the conclusion that though some minor earth-tremors may be due 
to the collap.se of underground caverns, and others of local character to 
volcanic action, the greatest earthquakes are the immediate consequences 
of the formation of mountains, and he connected the lines followed by 
earthquake.s with the structural lines of mounUi in-axes. This view has 
been sustained and extended by the observations of later years. It is 
now perceived, however, that not merely mountain-chains, but any other 
part of the earth’s crust which is under great strain, may give way 
suddenly atul thus afford the primary impulse of an earthquake. The 
great lines of plication, whether anticlinal or synclinal, are those where 
the stresses are severest, and where, therefore, the crust must l>e most 
likely from time to time to give way. In tlie case of geologically ancient 
mountJiin chains the imderlymg crust has had time to adjust itself to the 
conditions produced l»y their uprise ; but in the younger chains such 
stability has not yet been reached, so that under the intense strain of 
corrugation the rocks occa.si#nally snap along the length of tin* anticlines 
or synelines, and thus give rise to the tremors or more violent shocks of 
monntahions regions like, the Alps. Obviously a serious rent in the 
crust produced in this way, and extending for fifty or a hundred miles, 
must give n^e to a wider disturbance than could be caused by a violent 
explosion from a single \olcaiiic vent. 

The sub oce.inic earthquakes may be traced to the, same soiuve of 
origin. As already stated, they appear to start from the base of the 
steep submerged slopes of the continents. On the two sides of the I’acitic, 
the land off Japan and off i>;irt of the coast of South America rapidly 
sinks into a deep trough, the bottom of which rises again into the general 
level of the ocean floor. These troughs may be regarded as deep synclines 
of the crust, as the mountain chain.s are lofty anticlines. In either case 
the rocks have been bent and thrown mto a state of strain from which 
they obtain relief by (wcasional fracturing. I'hat some of these sub- 
marine operations affect the sea-bottom has now been indicated by the 
frequent rnjitiire of telegi-aph cables. Such accidents may no doubt 
happen from v.irious «‘auses not iiocessiirily seismic : but after these 
possilile causes have been allowed for (and .some of them, such as the 
launching downward of vast (juantities of rock-debris, may be due t< 
earthquakes), there seems to Iw little doubt of the numlier und potency ol 
the disturbances that arise along the submerged slopes of the continents. 

Where the terrestrial crust has been weakened by lines of powerfii 
faults, slips on the downthrow side. of such dislocations may from time ti 

' yof |>. 416 if .MK/. Sues*. ‘Eiitstehung dtr Alpen.' ViiMiiia, 187.') ; Hoeruet 

Erdbfbiii Stmluu.’ Gfo/. lUirfis. .vwiii, (187S), p. -IIS, 

- ,1. .Millie, ‘Sub oci-.iiiK- ClmugeV' O'tfo?. Jotnu. x. (1897), pp. 129-146, 259-289. 
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time take place, and give rise to gentle concussions or more violent earth- 
quakes. Thus the chief earthq\iake area in the British Isles, that of 
Comrie, lies on the line of one of the great structural faults of Scotland, 
the displacement along which has amountotl to many thousand feet. The 
great Japanese earthquake of 1891 was prohahly caused by a renewal 
of subsidence along the side of an old faidt-line, \Uiich resulted in the 
formation of a fissure along that line, reaching to the surface of the 
ground and traceable for more than 40 miles. In districts of younger 
horizontal formations which are not dislcKated, earthquakes may never- 
theless arise from slipping along line.s of dishwation in older formations 
underneath. Many earth<|uake.s are followed hy nuinorous less \ iolent after- 
shocks, which proluihly mark minor niplure.s of rock, wlnle the disj)laced 
jKirtion of the terrestrial crust is gradually settling down after the main 
dislocation. Thus after the Japanese earthquake ot October ISIU, which 
was inamfestly due to fiaeture and slipping along the line of the fissure, 
the after shocks, which, as already stated, numhered 1 1.42 during the first 
ten days and no fewer than .440 1 during the next two years, show' how 
Heiious was the origin.d displacement, and how giadually the sunken mass 
aceominodated it. >>01 to its new' position. 

If the suggestion above referre<l to should he eventually (>stahlished, 
that the e.'ii ih \\.i\ e is tr.in.smitted through the int«*nor of our gloho, iresh 
material will be supplied for <liseusKion of the eileeii\e rigidity of the 
planet. This subject has inileed lieen already noticed by IVofessor 
Arrhenius in the [taper on the IMiysics of Volcanism, from which some 
(juoutioii.s ha\o b(!en made in previous [lages (nntr, pp. 72, 4r>.'’(). b’eview- 
ing the reet rit advances in seismology, and esjiccially the evidence as to 
the rate at which the waves of shock are pro|>agated in the earth from 
long distances, he rem.irks that if the earth’s interior coiihisted of solid 
material, we must a.ssunie that the first or jirehminary shock pnqiagated 
in tliat interior and recorded at a distant seismologic.’il station i.h as 
violent a.s or more violent than the principal shwk, and that the solo 
reason for the enormous weakening fd the first shock must l>e lajcause 
this shock is to an extraordinary degree smothered. This inference 
points, he thinks, to the very great interiud friction within the earth — 
a projicrty ch.lractel■i.^ti(; of fluhl and gaseous iMnJie.s, esjiecially under 
high pre.ssiire and temjMiiature, in coiitradistiiictioii to solid bodies. He 
concludes that earthquake observations afford strong evidence against 
the solidity of the earth's interior,' 

Geolog^lcal effects. — These are de|M;ndeiit not only on the stiength 
of the concussion but on the structure of the ground, and on the site of 
the disturbance, whether underneath land or sea. They include changes 
superinduced on the surface of the lami, on terrestrial and oceanic waters, 
and on the relative levels of land and s(«i. 

1. Kffects upon the soil and general surface of a country, — 
The earth- wave or wave of shock underneath a country may traverse a 
wide region and affect it violently at the time, without hyiving f>crmanent 
traces of its passage. The soil may l)e detached from hill slopes, carrying 
' (fj>. of. |». 40 ». 
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with it a wide extent of forest, and leaving in places declivities of bare 
stone. Blocks of rock, already disengaged from their parent masses on 
declivities, may be rolled down into the valleys, or where only feebly 
adherent to the rock m sHu may be shaken off*. Landslips are thus pro- 
duced, which may give rise to considerable changes of drainage by damming 
up streams, altering their courses, or giving rise to lakes.^ In some instances, 
the surfaces of solid rocks are shattered as if by gunpowder, as was par- 
ticularly noticed to have taken place among the Primary rocks in the 
Concepcion earthquake of 1835.*-^ It has often been observed also that 
the soil is rent by fissures which vary in size from mere cracks, like 
those due to desiccation, up to chasms a mile or more in length and 200 
feet or more in depth. Permanent modifications of the landscape may 
thus be produced. Trees are thrown down, and buried, wholly or in 
part, in the rents. These superficial eff'ects may, indeed, be soon effaced 
by the levelling power of the atmosphere. Where, however, the chasms 
arc wide and deep enough to intercept rivulets, or to serve as channels 
for heavy rain-torrents, they are sometimes further excavated, so as to 
become gradually enlarged into nivinch and valley.s, us has happened in 
the case of rents caused by the earthquakes of 181 1-12, in the Mississippi 
valley. In the earth({uako which shook the South Islaiul of New Zealanil 
in 1848, a fissure was formed, averaging 18 inches in width and tracealile 
for a (listjince of 60 miles patallel to the axis of the adjacent mountain- 
chain. The subseiiuent earthquake of 185,"), m the same region, gave 
rise to a fracture which could be traced along the base of a line of cliff 
for a distance of about 00 rnile.s. Me8.srs. H. Mallet and T. Oldham have 
described a remarkable series of fissurings which r.in parallel with the 
river of Calhar, Ktistern British India, varying \\ith it to eveiy point of 
the compass and traceable for 100 mdes.* The Indian examples have 
shown the existence of two classes of fissures in earthquakes first, the 
important rectilinear rents traceable for long di.stances, and obviously the 
superficial manifestation of the underground fault along which the slipping 
that produces the shock takes place ; and second, the mere .surface cracks 
in soil, more rarely in solid rock, due to the iMissage t)f the earth-wave, 
and specially developed parallel to any free surfacf.' .such as a iiv(*r-bank 
towards which the soil can readily ni(»ve. 'Fhe first or tine fissure.s or 
faults may be regarded as |>art8 of the dislocation that cause the earth- 
quake ; tile second class are mere cracks that ari.se as a eonscciuence of 
the movements started by the first. 

Another remarkable instance of the first or fault-hssure type was 
furni.'^hed by the great flapanese earthquake of 28th October 18‘>1, which, 
JUS .above stated, gjive rise to a fissure that could be traced akmg the 

' Kiutluiurtke .shcx'ks art* bflievcd by Mr. Whitman t'ros'. to lune Ktii the initial cause 
of extcnsixi’ laiidslips th.at have taken plme in the Western rt'gions of the UiiiteU States 
(f/sr Ann. JUp. U. S. ({. .V, 19o0, part ii. eliap. v.). Some of these slule.s cover oreas of 
several s<jnare iiiile.s, lunl may d.ite from Pleihtoteiu time. 

^ l>ai«m, ‘.lomiial of Kese.arehea,’ 1845, p. 303. 

^ V- W'lii. p. ’J.*)?. K. lb OMham. as citevl on next iwijre. For a catalogue of 

Indi.an liu tlKin.ikes to the end of Ifttiib see T. Oldham, Man. OVo/. /inOn. \ix. part li. 
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surface of the eountry for more than forty miles (Fig. 74). The ground 
on one side b^ink from two thinls of a metre to as much as six metres 
below that on the other ; and not only so, hut there wivs likewise a hori- 
zontal displacement, tlie oast side heii»g in places pushed boilily four 
metres towards the nurth.^ In some places the rupture showed itself at 
the surface in a cracked ridge, like that of a mole when near the surface. 
The great Indian eartlupiake of I’Jlh .lune 1HP7 gave rise to some 
important fissures, one of wliich had in some jihu-es rent the solid rock 
and could be traced for about seven miles - 



Kcmarkable circular cavities have been noticed in ('alabria, Assam, 
and elsewhere, formed in the ground during the piissiige of the earth- 
wave. In many cases, these holes serve as funnels of escape for an 
almndant discharge of water, .so that when the disturliance ceases they 
a])pear lus pools. They are lx*lieved to be caused by the sudden collajise 
of subterranean water channels and the consccpient forcible ejection of 
the w'ater to the surface. Besides water, discharges of \'arimi8 gases and 
vapours, sometimes combu.stible, have lieen noted at the fissures formed 
during earthquakes. 

After the Indian earthquake of dune lb97 the rice-fields, which had 
lieen carefully levelled to allow them to l>e flooded to a shallow' and 
uniform depth, were found to lie throwm into gentle undulations, w ith a 
difference of level of occasionally as much as two or three feet hetween 
' B. Koto, Jourii. (.UL S-i. Japan, v. p*rt (1893i, |.p. 

^ R IX Oldhim, Report on the great Indian Earthquake of 12th June 1897," Mfm. 
Ofol. Snrr. Indm, xxix, (1899\ p, 149. 
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orest and hollow.^ A still more remarkable change has been noticed 
in some earthquakes, where ]K)rtioii.s of the surface of a country have 
been compressed so as to bring their several parts nearer to each other. 
This result was particularly remarked after the central Japanese cata- 
strophe of 1891, al)ove referred to. The horizonUiI distance between the 
piers of })ridgcs was shortened, river-beds were contracted from one to 
two per cent of their former width, jukI plots of ground were reduced 
in length in the ratio of ten to seven. 

2. Kffccts upon terrestrial water.s,- — Springs are affected by 
earthquake movements, hei'oming greater or .smaller in volume, muddy or 
discoloureil, sometimes inerea.sing in teinpeiature, or even disappearing 
anil finding m\v e.xits. Itrooks and rivers have been ob.served to flow 
with an interrupted course, increasing or diminishing in size, .stopping 
in their flow .so as to leave their channels dry, and then rolling forward 
with increased rapidity. Lakes are still more sensitive. Their waters 
occasionally rise and fall for .several hours, even at a distance of many 
hundred miles from the centre of disturbance. Thu.s, on the day of the 
great Lisbon earthquake, many of the lakes of central and iioi th-w'estern 
Luropo were so affected as to maintain a succes.^ion of waves rising 
to a height of 2 or :) feet abo\e their u.sual level, Ca.ses, however, have 
been observed where, owing to evce.ssivc ‘'ubterranean movement, lakes 
have beiMi emptied of their eont<‘nts and thi'ir beds have bi-en left jier- 
* inanently dry 

After a severe earthquake new lakes may come into e.xisienee. This 
may arise from at lea.st three causes --(1) Where the ground has been 
thrown into undulations anil has not reeovered its original form, or 
where it has sunk permanently, the ikqire.ssions are soon filled with 
water. Kxatnplcs of this mode of origin were .seen after the earthquake 
of 1891 in (lentr.d dajian. A large tract on the depre.s.sed side of the 
fissure boeaine a lake which had to be drained by a ehannel cut for the 
purjiose, while two other .smaller lakes were also formed in hollows left 
after the eaUi.strophe.' Still more .striking w'orc the immerous lakes that 
arose from interruptions of the drainage-channels by the Indian earth- 
quake of 1S97. Mr Oldham describes a .series of sheets of water, one 
of which was a mile and a half long and 18 feet deep, formed by irregular 
warping of the. ground across the course of a river.^ (2) Where a line of 
fissure having a vertical displacement crosses the course of a .stream, its 
fault-scaip will give rise to a waterfall w'bere it faces down stream, 
and to a lake where it looks the other way. This feature Avas also well 
illustrated in the same Indian earthquake. The Chedrang river W'as 
erosvscd a iiuinher of times by a fissure which in places had a throw of 26 
feet, and after the catastrophe was found to be marked by a succes.siori 
of lakelets and waterfalls. Not only the main stream Avas thus affected, 
but the little tributary rivulets Avhere the fault-scarp rose between them 
and the river gathered into little jxwls.'’ (3) One of the niQst frequent 

' OUniftiti, >>f>. rU. i>. 9,A. Kltifr*'. Sf'es Jiilnlh 18lJl, j). 777. 

’ n. Kotu, <7*. at. i>. 135. * •Indian Eartlnjnaki.’ p. 152* 

Of,. , It. p. 138. 
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causes of the ponding up of tlie drainage of a seismic district is to l>c 
found in the fall of nmses of rock and earth which, when huinched aci-oss 
the course of a stream, dam, hack the water ami give rise to a pool or 
lake. If this })jirrier he of suthcient strength, the lake will he permanent; 
though, from the usually loose, incoherent chaiacter of its materials, the 
dam thrown across the pathway of a stream runs a great ri^k of being 
undermined hy the pcivolating water. .\ sudden giving way of the 
harrier allows the etmiined water to in.sh with gieat violeme down the 
valley, and to prmluce perliaps tenfold more ha\oc tliere ih.m !iiay have 
iK’en caused ))y the original earthipjake. Wlien a land.slip is of sutlicient 
dimension^ to dnert a stream Iroin its previous eourst*. the new channel 
tlius taken ni.iy become peimaneiit. and a \alle\ m.iy he cut out or 
w'ideneil. 

Kefeivnce may lime he made to an (-lleet of eaitlitjuakes on the f.iuna 
of terrestrial and oceanic waters, whieli po^^esses eonsiderahle geological 
intciO'^t InsluMces ha\e hecn (»!Ker\e<l liotli on land and sea where the 
jia^'Nige of the wave of shock has hecn highly destruclue to some, forms 
of a(|Uatic lif('. Thus, hy the Imii.in earth<|nake of 1S!»7, “ lishes were 
killeil 111 niMiads as hy tin* explosion of a duiamitc eaitiidgi-, the lino 
tishiiig pools of the Suniesan ri\ei wme hniml devoid ot tish, and for 
(lays afU'r the carlh(iuake fliis n\(M' wa.s choked with lhous.iiids of d(iad 
tish doatirig (low n ft om the nppei roaches In (Ik* Hotpeta suhdi\ision 
(•f th(i Kamrup distiiet the lisli weie kilh'd in the s.iUK' m.inin'i, and two 
lio.itmg eat'ease-, of (i.uigetK dolphins weie seen wdmdi had i)eeii killed 
hy the shock. ' In certain ancient geological formations the siii faces of 
soni*' strata are eiowded with the lemains of fishes, whii h are s(» well- 
preserved ,is to .■'liow that the\ must ha\e hecn .-U'ldenly Kilh'd and 
(lUicklv entonihe(l hefoie their hodic'' li.id time to (le(ay and the parts 
to separat(' \ol impnth.ihly smdi nn k suif.iee.s may sometimes piesetvo 
a nieiiKtnal of old cart Inpiake .shock-' 

.‘I Kffects Upon till* sea — Tlie great .sea wave pro|)C-ga1 (•< i outward 
from the centre of a suh-occanic carth'jUake, and reaching the l.oid .dter 
the earth-wave has anived theie. givc.s rise to mm h dcst ruction .dong the 
iiiaiitinie parts of the di^lurhed region. When u .tpproa( lies .1 low 'hore, 
the littoral waters retreat scawaids, sucked up, as it were, l>\ the advanc- 
ing wall of water, which, reaching a height (»f sometimes (id feet 01 mote, 
nisho'< over the hau? Iwai li and swe(‘ps inland, (allying with it ovi-rv thing 
W'hidi it (.an dislodge and In-ar away L(»os(‘ hhxks ol io(k ai(' thirs 
lifted to a eonsiderahle distance fntiii their formei position, and leli ,it a 
higher level. I)e|Kisits of sand, giavd, and otliei sup<ili<i,il aduniula- 
tioris are torn up and swept away, while tin; sui f.ne oi the count ly. as far 
as the limit readied hy tin* wave, is sliewn with delnis, [( tin distiict 
has iM'on aln.'ady .siiattcre.d hy the pass;ige of the earth wave, the .id vent 
of the great sea wave augments and (omplef(‘s the (lev.istation 'I'lio 
havoc cau.setl hy the Lislxm ejirtlnpiake of ITrio, and 1)\ tliat of I'eiu and 
Ecuador in 1868, was much aggravated hy the. cooperation of the oiaaiiic 
wave. On 15th June 1896, the sea rose along the loast of Nipni, .l.ipan, 

' H. n Otflliatn, oyj, I //.{), sO. s,,., ais., ( K(.i(m-s, o / (, ,s. \o j, j<ft. 
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for a distance of 70 miles, and cost the lives of nearly 30,000 of the 
inhabitants, m it laid whole towns in ruina The sea-waves on that 
occasion were pro|)agated across the whole breadth of the Pacific Ocean. 
They were felt at Honolulu, a di.stiince of 3591 miles, where the sea rose 
8 feet above high-water mark, and threw down stone walls, Tlieir mean 
velocity from Japan to the Hawaiian Islands was 681 feet per second. 
They were also recorded, though feebler, at Sausalito, in the entrance to 
San Francisco Bay, a distjince of 4787 miles, their mean velocity to that 
point being 664 feet jxir second.^ 

The soundings aj»d other explorations connected with the laying and 
repair of submarine telegraph cables have brought to light the remarkable 
extent to which the ocean floor is subject to change.s of apparently a 
seismic origin. In some cases vast ma-sses of loose material have been 
shaken off submarine slopes to lower depths ; and quantities of rock-debris 
have been prccipiUted to the bottom, burying and often breaking the 
cabhvs. Chango.s of depth, .sometimes to a hardly credible extent, are 
likewise re{»orted by those in charge of the cable operations. It is stated 
that in the MediteiTanean great subsidence.s of the bottom have been 
obser^cd after eaith(|uakes. “After the Filiatra .shock in 1886, it was 
found, while! .searching for a broken cable 30 miles ofl’ shore, that a 
depth of 900 fathom.s existed where previously there had been only 700 
fathom.s, and that some four knots of the cable were covered by the 
‘landslip.’ ” On th<! coast of Kcnailor, wlno'e also the telegraph cables have 
fre([uently been broken, the depths are .said to ha\e increased from 100 
to nearly 200 fathom.s.' 

4. Permanent change.s of le^el. -It has been ob.ser\ed, after the 
passage of an oarthipiake, that the level of the disturbed country' has 
sometimes been changed. Thus after the terrible cartlnpiake of 19th 
Novemher 1822, the eoast of (Jnli, for a long distance, was said to have 
risen from 3 to 1 feet, so that, along shore, littoral shells were cx|K>.sed 
still adhering to the rocks, amid multitudes of dead fi.sh. The same 
coast -line has been further upraised liy suhsequent earth<[Uake .shocks.^ 
On the other hand, many instances have been observed where the effect 
of an earthquake ha.s been to depros.s permanently the disturbed ground. 
For example, by the Ikmgal earthquake of 1762, an area of 60 square 
miles on the const near (’hittagong, suddeidy went down beneath the sea, 
leaving onb the tops of the higher emmonee.s above water. The succes- 
sion of earthquakes which in the years 1811 and 1812 devasted the basin 

' Diimsoii. I'liif Miff. 1. !•. r).Sl. Ou the sea-waves eonmvted with this JapaneM* 

eartliqimke, -ee .1. Milne, Jon,. \iii (1.S516), p. l.'»7 , HrJ. .t.ws- /tep. 1897, 

p, 25. 

* Milne, ‘Sei'nn>lo)iy.' j< 3.5, and "Snh-doe.mh t.’hanges,“rited p, 370. It is difficult 
to lielieve (hat withmit Mune .stn|H;ndoHs disturlwuce of the water any part of the Mediter- 
ranean floor could h.i\e ieeentl\ sinldenl) sunk down .is niiioh iis 200 fathoms, or that the 
bottom oil' tlif eiwst ot Kciiador has hitel> .MiliMded nearly 600 feet. More probably there 
ha« l)eeii in some c;im*> a clipping of renk down a submarine f.ace, whereby, without any great 
horizontal ilispl.ieement, a line of eable may ha\e l>een carried down into deei>er water. 

Thi.s eUoation is fidlv desenlK-d bv Lyell in his ‘ Principles,’ but it is discredited liy 
SnesS in his ‘ Antlitz der Erde.’ See i>. 386. 
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of the Mississippi, gave rise to widespread depressions of the ground, over 
some of which, above alluded to, the river spread so as to form new lakes, 
with the tops of the trees still standing above the surface of the water. 

Section ill. Secular Upheaval and Subsidence. 

Besides scarcely perceptible tremors and more or less violent move 
ments due to eartliquake-shocks, the crust of the earth in generalh- 
believed to undergo in many places oseillations of an extremelv quiet and 
uniform character, sometimes in an upward, .sometimes in a downwanl 
direction. This belief dates Kack to the early part of the eighteenth 
century, when (’elsiu.s, from numerous ol»servations made liv him on the 
shores of the Baltic, inferred that the land was nnerging, liy the' sinking 
of the s('a, at the rate of 40 inch«*.s in a century, llis statements were 
controverted in his own time, though afterwards supported )>y Linna us. 
But it was not until the beginning of the following conturv that tlu> 
eonviction o))tained generally among g(>ologisis. \\h* n Leopolii von Bueh, 
after a full examination of the ground, announeed his opinion that 
Scandinavia wa.s slowly rising out of the .sea From that time the doe 
trine of secular elevation and dcpres.sion fif land became one of the 
orthodo.x {lart.s of the dominant schoiil in geology. It was admitted tliat 
thovse chariges of level might be .s(» trarnpiil as to pio<iu<v from dav to 
(lay no apjiiecialib' alteration in tlieaspe('t of the gionnd .itrectfsl, so that 
perhaps only aftei tin* lapse of s(‘\eial geiieiatioii.s, ami Iw ineaiis of 
Ciireful nieasureniciits, could they really be proved It was ackiio\vb'(lg(‘d 
that in the iritoiior of a country notliing but a seru's of a<enrate levellings 
from some niinioved datnin-line might dfUeet (la* eliaiige of level, umIckh 
the effect.s of the tiTvestriai disturbance shovvisl tlienisehes in alleiing 
the drainage, and that only along the sea coast was a n'adv measure 
atibnled of any sucli niovenients. 

It is cnstoinary in popular langnag(> to speak of the sea rising or 
falling ri‘latively to th<* land. Ue e.innot conceive of an} possible 
augriKUitation of the o(.'eanic waters, nor of any diminution, save what 
may be due to the extremely shtw pioc(‘sses (d abstract iou by tlu^ hydra 
tiou of minerals and absorption into the eartli’s interior. Any ( hanges, 
therefore, in the relative levels of sea and land must 1>(> due to some n* 
adjustment in the form either of tlie solid glolxj or of its watery envidope 
or of both. Playfair argued at the beginning of last* eeiitiii y that no 
subsidence of the sea-level could be local, hut must extend over the globe.^ 
But it is now recognised that what is called the sea-level cannot jkissi'ss 
the uniformity formerly attributed to it ; that on the eontrary it must be 
liable to local distortion from the attractive influence of the laud. Not 
only so, but the level of the surface of large inland sheets of water must 
be affected by the surrouruling high lands, 

Mr, R, 8. Wooifward, whose memoir on this subject has been cited, 
calculated that in a lake 140 miles broad and 1000 feet deep in the 

* ‘ IlliHlrationit of the Htitloniftn T)»cor)r,’ 1802. wme ronrliiMoii naw niiTiounced 

by L. von Buch, ‘ Reise durch Xon^'eften und 1810. 
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middle, the difference of level of the water-surface at the centre and at 
the margin may amount to between three and four feet^ As already 
.suited, he further computed that the effects of the continents of Europe 
and Asia at the centre in disturbing the sea-level mu.st amount to about 
2900 feet, if we suppose that there is no deficiency of density underneath 
the continent, and to only about 10 feet if we' suppose that the very 
existence of the continent implies such a deficiency.- 

Various suggestions have been made regarding pos.sible- causes of 
alteration of the sea-level.-’’ (1) Subsidence of the floor of the oceanic 
basins must lower the level of the .sea. The elevation of masses of land 
diminishes the oceanic areas and low«‘r3 the sea-level, while the sinking of 
land produce's an oppo.site eflect. Changes in relative ai‘ea,s of land and 
sea in the past must thus have allectcd the level of the oceans. (2) A 
shifting of the present di.strilnitiori of density within the nucleus of the 
planet would atf’ect the position and level of the oceans p. 28), 

(3) A.s permanent snow and ice repr-esent .so much removed from the 
general body of water on tlu< globe, any large increase or diminution hi 
the extent and thickness of the polar ice caps must cause a corr<‘sponding 
variation in the sca-level p. 2tl). (4) A change in the eai-th’s 

centre of gi'avity, .such as might result from the accumulation of large 
mius.ses of snow and ice a.s an ice cap at one of the })o1es, has been already 
I’eferi’ed to (p, 28) as temling to i-ai.se the level of the ocean in the 
hcrni.s|)here so affected, and U> dimini.sh it in a corrosporiding mea.sure 
elsewhere. The letnr-n of the ice into the .state of water would prrxliice 
an (tpposite effect. The attr-aclivc* inlluence of the ice-sheets of the 
(llacial period upon the sea level over tht* noi thei’n hemispher e has been 
discussed by various mathematicians, c^pecially by Cr-oll, Pi’att, Heath, 
and Lord Kelvin, ('onsidci-ablc diflerences appear in their results, 
according to the comlitions which they postulatr^, but they agree that a 
decided elevation of th<‘ .sea-lciel mu.st be attributed to the accumulation 
of thick mas.ses of snow and ice. The rise of the .sea-h'vel along the 
boixler of an icecap of 38 angular radius and 10,000 feet thick in 
the centre is estimated at from 139 to r)73 foet.^ {.)) A .still further 

' /;«//. r. .S’. n. No. is p. ; .ui.i p. 4:1. 

J Op. cil. p. S.'i. s,r Stoki-s. Tiv»tK r/n/. Sk', \iu. (1819), j). 07-2; .Sv. r,,x\ 

Jifti/. l)iiNiii Sk'. V. (1.SS7), p. 

^ SliiUtT, “ as to Cliaii^fs of Hulf. dtoL S<»\ Ahu'i. vi. pp. 

141-166. 

* Sft* t'i‘<jll,“(.'Iunatt* aial Tune," chaps, wiii, x.\iv.<rfo/. J/to/. 187 1. Pratt, ‘ Figure of the 
tiarth.’ t>. H. Heath. /'/<»/. Muff. \x\i. (I,S66\ i»p. ‘201, 3*23 ; \.\xii. <18661, p. 'U. Thomson 
(Lord Kelvin), op. («/. \\\i. p. 305. A. Penck, JiUo-b. tlrr<g,iipli. (tv>d., .Munich, vii. De 
tiapparent, li. S. O. F. \iv. (1886), p. 368; Jtnue yfotmlf f/es Sii^-nres, May 1890. 
IL H, Wootlwanl, /I. V. S. O’, N. No. 48. You Dryjfalski, ‘ Bewes'iiigen der Kontinente 
znr Kismt,’ Berlin. 1889. Dr. H. Herge>eH (O'o/n/o/’s /kiirtiije \ur dri>jihi/sik, i. (1875), pp. 
.69-114) ojiposi'a the view that former .shore- liue.s can la? explained hy reference to the iee-sheet. 
IVofeiwor yMe.s.s Iwlieves that the limits of the dry laud de|)eiul upon certain large iiideter- 
urinate i scillatioira of the .statical figure of the oceanic envelo|)e ; that not only are “raised 
beaches" to lie thus explained, but that there are absolutely no vertical movements of the 
crust save such as may form part of the plieation arising from secular contraction ; and that the 
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conceivable source of geographical disturKance is to be found in the fact 
that, as a consequence of the diminution of centrifugal force owing to the 
retardation of the earth’s rotation cjiused by the tidal wave, the sea level 
must have a tendency to subside at the eqtiator and rist' at the }>oles.* 
A larger amount of land, however, need not ultimately be laid Kire at 
the equator, for the change of level resulting from this cause would be so 
slow that, as Croll jX)inted out, the general degnulation of the surface of 
the land might keep pace with it, and diminish the terrestrial area as 
much as the retreat of the oce.au tended to increase it. 'I'lu' same, writer 
furtluT suggested that the waste of the eijnatorial land, and the de)>osiiion 
of the detntus in higher latitudes, might still further eounierael the 
efl’ects of retardation and the consequent ehaiigc of ocean le\( 1, {(>) Some 

geologists have contended that w'here the eaith's eiust is loach'd with 
thick deposits of sediment or mussixe ice sheets it will teiul to sink, while 
on the other hand denudation hy unloading it promotes upheaval. 

The halanee of evidence at present availahle seems to me adverse to 
any theory which would aeeonnt for at least iikmIciii changes in the 
relative lexol of sea and land by \aii.itions in the ligure of the oceanic 
envelope, .save to a limited extent hy such iidinenees as wide.sjiread sub 
sidence of the oce,an tlcatr, the attraction caused hy extmisive masses of 
upraised land, and possibly in northeiii and southern latitudes liy the 
attractive influeiiee of large accumulations of snow ami ice. These changes 
of level are rather to he regarded as due to moxements of the solid crust. 
The proofs of upheaval and suhsideiiee, though sometimes obtainai)le from 
wide areas, are tnaiked hy a w'ant of uniformity and a local and variable 
character, iiidicativi' of an action local and variahle iti its opciations, such 
as the folding or deformation of the terre-sti ial crust, and not regular and 
widespread, .such as might he predicated of any alteration of s(‘a h'vel, 
While admitting therefore that oscillations (tf the relative h'vel of sea 
and land have arisen from some of the c,m.se.s above eiiuiuiTated, we may 
hold that, on the whole and on the great scale, it is the land which is at 
present rising or sinking, ratlier than the sea.- 

TIuh conclusion 18 HUpportcfl l»y tlie results ot the most let ejilttliseiMilioiiHuml nieiiHUie- 
ments which have been made in diffeieiil jorts of the woild, .tn<l ol Mime of wliieh a 

d(x:trine of secular Huctiialioiis in the level of tin foiiUiieiils is merelv a remnaiil of the ohl 
“ Erhehunj'slhcotie," ilohtine<l to hjM'eily t-xf inetioii. ‘ Antlilr tier Knie,’ iHH.'j. He re nIhIch 
the same Views in the French eilition of his work inihlished m If*!*", with the lille of ‘ hice 
de la Terre.’ Tfaff defendeil lln* general o{>mioii anaiiist thew* viewn lu / h. o. O'. ISSt. 

’ froll, I'hil. Motj, lHr»8, p, Thomson (l/»rtl Kehiii), Tiunn. .H-ir. fi/ent/nie, 

lii. p. 223. 

^ For the arguments against the view aliove atlopteil bihI in favour of the iloefrino that 
the increa.se of the lain! above sea lexel is due to the ivHreineiit of the sea, see H. 'Irani- 
sclioltl, JluUftin SiirUli Imp. iU» ify Moirtiu, xlii. part l. p. 1 , 18^;}, 

No. 2, p. 341 ; n. S. o'. F. (ti), Vlii. (187P), I». 134 ; but more e-ia-tialh HneKi., in his gieal 
work almve referre<l to. An exeellent suminary of the discoiMion will la; fonnd in A. IVncIt s 
'Morphologie der Enlolierflache,’ i. pp. 4It»-i7!, and ii, pp. f>4fl ; w'e also A. SiipHti, 
‘Oniiidzuge der Phy-sisclieu Enlkniitle,’ pp. 278-298 ; A. Philipp'wii, “IHe H<-wegungcn der 
Enlrinde in der Gegenwart,” Onyraph. Znltch. Hettiier, 1^95, p. ‘204 , ami the Iitoratnre 
connected wiUr the emergence of land in Scamliiiaria and Finland cited on p. 385, 
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brief notice may here be given. Leaving out of account for the moment the testimony 
of raised beaches and other evidences of geologically recent changes of level, we may 
consider tho.sc oases where the emergence or subsidence of land has been actually 
witnessed by man and can be measured. And first in this review comes the classical 
district of the Gulf of llothnia, where some of Celsius’ original observations were made. ' 
It has now liocn definitely ascertained that the land on both sides of the southern part 
of that great inlet is emerging from the .sea. Tho.se who deny that the movement has 
been in the lami account for the relative change of level by climatal or meteoiological 
oscillations of the water-level. But the evidence for this view, though plausibly urged, 
is not satisfactory. The Scaudinavian and Finnish geologists in particular, who have 
had the best opportunities of observing the phenomena, have come to the conclusion that 
they cannot be accounted for by any movement on the part of the waters of the Gulf, 
that they are markedly local in their distribution, not extending to the south side of 
the Baltic but well niarkeil on both sides of .southern Sweden, and that they point un- 
equivocally to a doformation of the lithosphere. It would apjicar that the movement 
has gradually decreased since the time of Celsius. A careful collection of all the known 
data has been made by L. Holmstiom,' from which we learn that, at Sodra Helso, on the 
west Hide of Sweden, fronting the open Skager Bak, there has been an uprise in the fifty 
years between 1820 and 1H70 of ,'10 centimetres, which is at the rate of 60 centimetres 
or neaily two feet in a eontury. On the east coast the late has varied considerahly. 
At Stockholm between 177*1 and 187,’» it amounted to 48 ceiitimetre.s, or at a rate of 
0'17 centimetre [ler annum. Kartber north at Barsvikeu the rate amounts to 1 centi- 
metre a year, wliilo in the Isle of Olaml and in southern Sweden the rate falls to a 
ininimum only half that of Stockholm, The facts as observed point to a geanticline, 
now in progress of formation, and a study of the old strand-lines shows that this uplift 
luiN liocii III progress for a long time, and has upraised the axis of the peninsula to a 
lit'ight of more than lOOb feet. Again, on the roast of Siberia, for 600 iniic.s to the ea.st 
of tlie liver l.cn.a, ami mund the l^land^ of Spitzbcrgeii and Novaja Zemlja, the .sea 
apficars to stand now at a lower level witli regard to the land than it formerly did, 
and the uprise id the Inml still continues. 

The belief that alterations now taking place in the relative levels of sea and land are 
to bo traced to deformation of the lithosphere rather than to any variation of the surface 
of the hydtosphcie has roceivctl .strong coufiimation fiom observations made on the 
coa.st of .fnpiiu. The eastern and southern .sides of that country are now undergoing 
a sensible elevation, which .shows itself in the shallowing of harbours, the uprise of rocks 
to the surface of the sea or above it which were fonneily always submerged, the 
augnieiitntioii of the breadth of beach laid bare at low water, the iiiereasing distance 
from shore to which lishennen have to go to find water of a certain depth, the retreat of 
the sea to a distance of 180 leet from posts to which ships used to be fastened, the 
uprise of .sea-clilfs full of shell-boihigs now high above tide-level, and the occurrence of 
soa-woni oaves and hollows and lines of raised iieaches. The uplift does not appear to 
be uiiilorni, and is partly obscured by tlie sediment carried into the .sea by the Siimida 
and other rivc'rs. Its rate also probably vanes. Mr. Milne, who is i)ersonalIy familiar 
with the evidence, afiinns that “at the lowest estimate the observations would indicate 
that at many places on the coast of .lai«an land has been emerging from the waters at 
the rate of about 1 inch {wr year.’”** 

On the other hand, upon the western side of the country there is evidence of a 

* A', IV/. .IW. IlaruU. xxii. (1888), No. 9. See also R. Sieger’x paper quoted 

on p. 885. Ill Norway there appears to have been, on the whole, no appreciable change of 
level along the ci)a.st for a thmisand, perhaps two thousand years. Dr. A. M. Hansen, 
Norgts Undersiig. No. 28, Aarbog for 1896-99. But see Reusch, as cited on p. 387. 

* 'Seismology,' p. 6 ; jfeo also R Pumpelly, SmiUuion. Cmtrib. Knatclftigt, x\\ (1866), 
p. 108 ; A. Bicktnore, .4wcr. Jaum. Set, xlv. (1868), p. 217. 
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downward moTemeiit now taking place. Graw- and rice-fields are replaced by lH>ache8 
of sand or shingle ; the depth of the sea has increased at rates varying fioni 1 foot in 
16 yeaiTJ to 1 foot in 5 years ; rocks have sunk in the water, the height of the tide has 
increased, buildings are nearer the water than when elected, ami the sea is advancing 
so rapidly that the inhabitants are contemplating removal inland Some of these 
changes may be no more than the result of marine erosion ; but the general Inidy of 
evidence “i>oint8 to the conclusion that certain districts, especially those to the nortli 
of Noto, boidering the China Sea, are slowly sinking." ^ 

In this region and at the present time thcic can be no (juestion of any alteration of 
the general level of the sea. The varying rate of emergence on the cast side ol the 
chain of islands and the progress of subincrgehcc on the west side point to sonic uncijual 
niovemont or warping of the country itself, due to a re-adjuslincnt of the solid crust of 
the esith. 

On the east coast of North America a similar emergence is now taking place along 
the coasts of Newfoundland and Labiador. Thfic also sunken io(ks (lining rhe last 
JO or more yeais have come nearer to the surface of the sea, new channels have had to 
be sought among the shoals for the passage of the lishing-boats, and the sbigcs elected on 
the shore rooks have had to ho lengthened again and again in older to Hoat the small 
ciaft. Tiie rate of emergence has not yet been measured, but it is said to he twice as 
rapid in Northern Labrador as in Newfoundland.' 

Among the West Indian Islands, which, us will he poiiittd out luitliei on, liiiiiish 
widi’spread proof of lecent uphc<i\al, there is likewise evnhine of local mid hniitcd 
depression and even of oscillation of level. The Ueimudas underwent an uplift by 
which a maiine limestone was raised above the present sea-level to a total height 
of ix'rhaps 10 oi 50 feet Since that time the giound has be(m sinking, and the 
.eoliHii deposits aie now partly snbineiged and ate .itlucked by the waves. At the 
Bahama-, the ainuiiiit of suhsideiiee is estimalctl by Agassiz to be jHihajts as mueh as 
aOU leet.' 

is 1. Upheaval. — In searching for proofn of niovcnients of nplieuval 
the student must be on Ins guard against being tleceived }>y any aiiparent 
retreat of the sea, which nuiy be «lue merely to the deposit of gravel, 
sand, or mud along the shore, and the consmiuent g.iin of land. Loral 
accumulations of gravel, or “storm beaches,' are often throwui up by 
storm.s, even above the level of ordinary high tide mark. In estiuinos, 
also, considerable tracts of low ground are gradually raised above the tide- 
h'vel by the slow deposit of mud and growth of vegetation. The follow- 
ing proofs of actual rise of the laml are chiefly relied on hy geologists.^ 

Evidence from dead organiHUis. -K<»eks covered with hainaelca or othei littoral 
adherent aniin.als, or pificed by hthodonious shcllb, atfnnl picBiiuipine prool of the 
presence of the stM. A single stone with these cieatuies on its hUifa(o would not be 
satitfactoiy evidence, for it might have bteii tu-.t U|» hy a stoim , but a lim* of latgo 
boulders, which had cvideutly not been moved since the ( iiii|K*dtR and niollnsks lived 
U|)On them, and still more a solid cliHT with the.se riiaik»<»l littoral or Buh littoral life 
upon its base, now raised above high-water mark, wouhl Im: siiftident to demonstrate i 
change of level. The amount of this change might be pretty aeeuiately determined by 
measuring the vertical distance Wtween the ujiper edge of the bairiacle zone upon the 

' Op. cU. p. 3. 

^ R. A. Daly, /hoV. Mus. (hmp. Zool. wxMii. p 

» Bull. Mvn. Cmxp. Zmi. xxvi. : xwiu, p, 51 : Rice, BtdL S. Mu». i. No, 25 

(1884) ; R. S. Tarr, Awrr. (ifol. \ix. (18y7j, p. .i93, 

* See “Earthquakes and Volcanoes" (A. («.), t^hamlarss MixrfJfuny of Trucln 
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npreUed rock, and the limit of the eame ;;one on the present shore. By this kind of 
evidence, the recent uprise of the coasts of Scandinavia, Japan and other regions, has 
been proved. The shell-borings on the pillars of the temple of Jupiter Serapis in the 
Bay of Naples indicate first a depression and then an elevation of the ground to the 
extent of more than 20 feet.* Raised coral-reefs, formed by living species of corals, are 
found on the coasts of the Red Sea, where they give evidence of fiaving grown up during 
a time of uplift.’* Similar reefs are a conspicuous feature of the geology of the West 
Indian region.'* One of them has been upraised from 2 to 8 feet above sea-level 
all along the line of the Florida “ Keys." Successive stages in the upheaval are marked 
among the islands by lines of terraces. Those of Barbadoes, which are particularly 
striking, consist of successive reefs of coral, rising to a height* of about 1100 feet 
above the sea. In Jamaica three well-marked terraces of upraised coral reefs occur 
at heights of 10, 25 and 70 feet. In Cuba, a raised coral-reef occurs'at a height of 
1000 or 1100 feet above the sea.* In Peru, modern coral-limestone has been found 
2900 or 3000 feet above sea-level. “ In parts of the Hawaiian Islands the coral reefs have 
been uplifted about 20 to 2!i feet.* In the Solomon Islands, evidence of recent uprise is 
furnished by coral reefs lying at a height of 1100 feet similar evidence occurs among 
the New Hebrides at 15(»0 feet, while elevated coral-reefs and upraised coral liferous 
limestones abound in the Fiji Islands, and in other aichipelago.s scattered over the vast 
basin of the IVitic Oco.in ** Among the southcin ialaiids of Japan elevated coral-reefs 
occur at many successive heights from 10 to 684 feet above the sea.” 

The elevation of the sea-bottom can in like manner be provcil by dead organisms 
fixed in tlieir position of growth beneath high-water niaik. Thu.s dead specimens of 
Mya tnuicata occur on some parts of the coast of the Firth of Foitli in con.siilerable 
numbers, still placed with their siphnncular end uppermost in the stiff clay in wliicli 
they burrowed. Tlie position of these slieli.s is about high-water mark ; but as their 
existing deaceiidants do not live above low-water mark, we may infer that the coast has 
been raised by at least the difference between high- and low- water maik, or 18 
feet.**' Dead iliells of the large Pholus occur in a similar position near high- 

water maik on the Ayrshire coast. Even below low-water, examples have been noted, 
as In the interesting case observed by Sars on the Drobak.sbaiik in the Christiania Fjord, 
where dead stems of Oculina prohpm (L.) occur at depths of only ten or fifteen fathoms. 
This coral is really a deep-sea form, living on the western and northern coasts of 
Norway, at depths of one hundred and fifty to three hundred f.ithoms in cold water. It 
must liave been killed as the elevation of the area brought it up into upper and warmer 

' Babbage, KdiH. Phil. Jouni. \i, (1824), p. 91. J. IX Foihe>«, Kdin. ,/oiirti. i. 
(1829), p. 260. L>ell. ‘ Prm<’iple.s,’ u. p, 164. 

* W. K. Hume, Ct>uyr?H iShil, Internat. Ptinn (1900\ p. 923. 

’ On changes of level in this legion, see A. Agassi^ ‘Tliree Ciuises of the lihdr,’ 2 vol^. 
1 888 ; " A Uecoimaissaiice of the Bahamas ami th« Ele\ ate<i Keels of Ciil*a,’' Pull. Mit.i. Omp. 
Zoid. Ihd'wrtl, \\\i. (1894) ; “ A V'isit to the Bennmias in March 1894, ’ op. cit. p. 20r> ; “Tlie 
Florida Elevated Reef," op. n(. vxvm. (1896) , K. T. Hill, "The Oeology and Phy.sical 
Geography of Jamaica,” op. cit. .xxxiv, (1899) ; J. W. Spencer, a series of papers on West 
fndiau Islands in Q. J. (/. .8L Ivii. (1901), pp. 490-.543. 

* A. Agassiz, Aiiuv. Acad. \\. (1882), p. 119. 

* A. Agassiz, Pull. Mun. Omp. Zend. vol. lii, 

* W. T, Brigham, Mem. Boston S^k. Xat. HiM. i. (1868), p. 344; A. Agassiz, PuU. 
Mas. Comp. Zool. xvii. (1889), p. 154. 

* H. B. Guppy, Xature, 3nl January 1884. 

** A. Agassiz ‘The Islamls and Coral-reefs of Fyi," Boll Mits. Comp. Zool, xxxiii. (1899). 

* 8. Yoshiwara, “Raised Coral-reefs of the Riukiu Cunre," Joiirn, Coll, tki, Jaimt, xvi. 
iwt i. (1901), p. 11. 

*** Hugh Millers ' Ekliuburgh and its Neighbourhood,' p. 110. 
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l*y«n» of water.^ It has even been said that the pines on the edges of the Norwegian 
snow-6elds are dying in consequence of the secular elevation of the land bringing them 
up into colder zones of the atmosphere. 

Any stratum of rock, on the surface of the land, containing marine organisms Mliich 
have manifestly lived and died where their remains now lie, may be held to prove a 
change of level between sea and land. In this way it can lie shm\n that most of the 
solid land now visible to us has once been under the sea. High ou t!ie tlfinks of 
mountain-chains (as in the Alps and Himalayas), undoubted imariiio shells occur in the 
solid rocks. 



Sea-Worn Caves. --A line of sea worn eaves now standing at a distaine aliovc 
high water mark lieyoud the reach of tliu sea, ullouls evidtone of iceint i liange of level 
In the .'iceornpanyirig diagram (Fig. T.o) exumi>les of such eaves aie seoi at the base 

of the cliff, once the sea-margin, imw separated from 

the tide by a platfoi in of meadow -land. — j ,/ 

Raised Beaches oi Strand-lilies furnish one ^ 

of the most striking proofs of change of level. A 
licach or apace between tide maiks, where the .s»a " 

H constantly cutting into the laud, giinding down ' 

sand and gravel, mingling w ith thim the renmiiiR ^ 

of shells and other organisms, sometimes piling the 
defoaits up, sometimes sweeping them away out 

into tiie opener water, forms a familiar terraee ot ' 

platform on eoast-lincs skirling tidal seas. Aceoni- '' ' ^\\\^ V ^ 

ing to the character of the land .surface and tin* ret 

of th. t„ie, a,ui w.,0,, .hi. pl.tforn. „,.y w . x 

ncftrly btre suriacf of lock which Iim been levelled on uiiturnetl !tUt 4 *K<fij, amt up 
by the sea between high- and low-water mark, or it *nt<* l>io«n wnii {<i) i(> tiic 

may lie formed of littoral accumulations left upon of abuniiani »ticiu Kist- 

such an underlying surface of erosion. The same I 

strand-lino in one |nrt of its course, along an exposed proinontoiy, may be a rock- 
terrace (“seter” of Norway), and in more sbelteted rt‘aches may consist of lieich- 
* Quoted b\ Vom Rath m a paj»er entitled “ Ahs Xorweven," Juhrh, IHGJt, p. 

422. For another example, see Gwyii Jeffreys, Bnl. Atupc. 18G7. p. 431. 
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deposits. When such a terrace, whether of erosion or of deposition, or of both, has 
emerged well above the reach of the sea, it forms a prominent feature along a coast- 
line (Figs, 75, 76, 77, 78). The former high-water mark then lies at the inner margin 
of the platform, above which the old sea-cliff may rise in picturesque crags wherein 



the sea-worn clefts and caves are festooned with vegetation. The beach across which 
the tides once flowed thus rurnishea a platform on which iiicailows, fields, gardens, 
roads, houses, villages and towns spiing up, while a new beach ns made below the 
margin of the uplifted one. 



Fig. 7S.— \iew of Terrneejt, Alien F^onl, Norway. 


A scries of raised lieaohes may occur at various heights above tiio sea. Each teirace 
marks a former lower level of the land with rogartl to the sea, ami probably a lengthened 
stay of the land at that level, while the intervals between them represent the vertical 
amount of each variation in the relative levels of sea and land, and indicate that the 
inteival between the changes was probably too brief for the formation of terraces. A 
succession of raised beaches, rising above the present sea-level, may therefore be regarded 
AS jwinting to a former intermittent upheaval of the country, interrupted by pauses, 
during which the general level did not materially change. On the hypthesis that 
they are due to subsidence of the sea-level, it would b«’ necessary to believe that the 
cause of this subsidenco, whatever it might be, acted spasmodically, the intervals of 
quietude being longer than those of activity. 

Raised beaches abound in the higher latitudes of the northern and southern hemi- 
spheres, and this distribution has been claimed as a strong argument in favour of the 
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view that they are due to a fall of the local level of the sea surface from the <iisa|t|»far- 
ance or dimiuution of former ioe-cai«. T!>at some at least of the laiseJ U^iiohr# iu 
theae regions may l>e due to this causi* may he granted. The gradual use of level of the 
beaches when traced up the fjords, which has hecii ie|»eatedly assertcil foi some districts, 
would 1)6 the natural etfcct of the gieater mass «>f ice in the intenoi. lit the ex- 
ploration of the lake regions of North Amutiea numerous iiistauees h.ivo been 
described of a hlo|Hi upward of the foimci watei leicls towards the mam ice hclds. A 
remarkable example i^ furm->he<l by ihe tei races of the \anivhed glacial slicet of watei 
called I^ake Agawiz which once filled the l»a.sin of the K<tl Kner of tiic Noilh Mr. 
M'arren Tpham ha.s found tli.al these ancient hues of wat»r-levcl giaduallv ti.se fiom* 
south to north and from west to ea.st, in the direction of the loriuei ice iuUis, the 
amount of slop** ranging from /eio to feet per mile.* Mi ti K liilbert ha.s noticed 
a rise of as mucli as f) feet in a mile among the old terra* es tif Lake Ontario.''^ 

Raiaed tieaches oi'cur round many paits of tin- coast line of Hriiam l>e In It. die 
gave the accompanuug view (Kig. 77j of a ('ormsh lo<alitv wliere the exisliiig beai h ia 
flanked by a dill of slate, h, continually cut away bj tbc sea so tbalthc uvci!\iiig laibod 
beach, a, c, will tie long <lisap{»eai. The coa.st-line on both sides of Scotland is likcwiae 
fringed with i.tised heaches, sometitnes four or livt octuriing above eacli oilier nt heighta 
of 25, 40, 50, 60, 75, and 100 feet above the pre.seiit liigh water matk.* Olhcis aic found 
on both sides of the English tdiannel.* The aides »*f tlie mountainous fjords of Noi them 
Norwav, up to more than 600 feet above sea-levd, ate niailu'd with conspn imiis lines of 
terr.'K e« (Kig. 7S), w hidi consist partly of beat h deposits, pailly of noti lies ; “ setei ") cut 
out of rock, probably with the aid of drifting coast n-e.^ 1 ‘roofs of recent eievalioii of 

‘ a. U \ h. S. No. *1K87\ pp If', 20. 

S irtiCf, 1 . p. 222 

For fu counts ol some Hntinli rais«<l bendics, sec l)e It Hedie. Mb port on (li-ology of 
Devon ami ('urnwall,' chap. xiii. , Miulareii. Mienlogy of Fife ami th» Lotliiai).s,’ 18119 ; 
H CliaiidaTs. ‘Am lent S«a Muigui'’, I’restwidi, V <•' S xjvin p. HH, xxxi. p. 29, 
xUni. (1802 , p 203 , H Russell ami T. V Holnies. lint. Ib7u. HeMs. p. 95 . lUsher, 

f/c../. M,uj 1879, p. 166, A Dunlop. <j. J. d S xlix (iny.}). p. 5*23 , A. Jf. Hunt, f.Vo/. 
Mi>q 1895, p. 405 , U. Tiibieimin, -j) n(. 1000. jip. 441 and 5‘28 

* Du the raised Ix-ftch of Saiigalte, near (’alais. <a'e I'restwidi, It S, U F. (3), vili, 
(1880), p. 547 , on those of Fini.sterre, Itarrots. J/ik. Si>f dM. Aoid m. (1882) 

^ Dll the straud-liiies ami proofs of emerg* ii< e m Staiidinavia, see U Chambers, •Tiaiiiigs 
of the Norlli of Europe’ (18501. p. 172 >( .v.*/ Hiavais, ‘Voyages de la DoimiiiHsioii 
.sueiitifiqiie du Nord, Ac.,' translated lu t/ J. (/. S. i p. 534. Kjenilf, /. D, O', o'. x\li. 
p. 1 , ‘Die (iC'ilogie de.s .siid. und imltl Norwegen,’ 1880, p 7; fitol. Mag. viii ]>. 74. 
M. A. Sexe, “Du Rise of Laud ill Scamfiiiavia,” //u/cj* Schuhirum of f/nirerxi/y, (’hristiaiila, 
1872 H, Mohu, Fyl. Mag. Faf. xxii. ji. 1, Dukviis, 0>«/. Mag. 1877, ]» 72. K. 
Pelterscn, Anh Math. Fat. Vhriutvtnxa. 1878, p. 18*2, x. (1885) ; 0><V Mag. 1879, p. 298 , 
Tmiaso A/cHcio/ii Aarslw/ter, in, I860, .'yitAi. Akod. Wiai, xcviii. (1889), p. 97 
Lehmann, ‘ reber-ehemalige Htrandlinicr, Ac.,' Halle, 1879 , Zfit^ch. gm. Futuram. 1880, 
|). 280. A. D Hoglami, (Jed. For. Forhandl. SLmkhdxn, ix. (1887), p. 19. Handler, 
Frleritiaan s Mdthnl xxxvi. (1890), pp. 209, 235. I)e (leer, (ied. Form. Storkholia, X. 
(1888), p. 3(>6 (with a map of laobaaic linea foi Hcandinavia) ; xi. (1890), j). 61, xiv. (1892), 
p. 72; \v. (1893), pp. 77, 378; xvi, (1894), p. 689, xx. (1898), p. 369 ; .S'lmy. deof. 
UiuUixuk. No, 1 tl (1894), p. 15. ‘Om Hkandinavieiia geograph. Utveckhng' (with 6 niapa), 
Htockholin, 1896, A, Nalhorsl, deol, FOrtn. liUtckholm, xii. (1890), p. 30, ‘ Hverigfi 
Oeologi,’ p. 279. Sieger, /eiUch. (Jes. Enikund., Berlin, xxvUi. (1893), pp. 1-106, 393-498. 
H. Berghell, Franui. xiii. d896). A Ba«loureau, Ann.du MineM, 1894, pp. 239-275. W. 
Ramsay, Frnnm, xii. (1896). A Hellaud, NorgtM (Jed. UndrrUjg. No. 28, Aarliog 1900. 
H. Reuach, ‘ Folk og Nalur i Fmmarken,' CTiriaUania, 1895, pp. 8, IS, 60, 64, 130. ‘A. 
Holleuder, (Jed. F(/ren. Stockholm, xxui. (1901), p. 231. A, Strabau, (Jl. J. O'. .S. hii. (1897), 
VOL. I 2 C 
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the Rhores of the Meditemuean are furnished by raised beaches at various heights above 
the present wator-levol. Stratified sands containing recent niarine-shojls are found 
up to a height of 700 feet at Gibraltar.' In Corsica raised beaches have been noted at 
heights of from 15 to 20 metres.* 

On the west coast of South America, lines of raised terrace containing recent shelKs 
have been traced by Darwin as proofs of a great upheaval of that part of the globe in 
modern geological time. 'I’he terrucea are not quite horizontal, but rise towards the 
south. On the frontier of Bolivia, they occur at from 65 to 80 feet above the existing sea- 
Ipvel, but nearer the higher ina-ss of the Chilian Apdos they are found at 1000, and near 
VaI|tarai8o at 1300 feet. That some of these ancient sea-margins belong to the human 
periorl was shown by Mr. Darwin’s discovery of shells with bones of birds, ears of 
maize, plaited reeds and collon thread, in one of the terraces opposite Callao at a height 
of H5 feet.* Raised beaches occur in Now Zealand, and indicate a greater change of 
level in the southern than in the northern part of the country.'* It .should be observed 
that this increased rise of the terraces polewards occurs both in the northern and 
southern heniispberei, and is another of the facts insisted upon by those who would 
explain the terraces by displacements of the sea rather than of tlie land. 

The evidence furnished by strand-lines in favour of the view that the emergence 
of land has in the mam, if not entirely, been due to ujdift of the lithosphere, 
rather than to variations in the surface of the hydrosphere, is greatly strengthened 
by the proofs which have lieeii obtained that the movement has not been uniform 
oven within comparatively short distances. This ini|»ortaiit obseivation has been 
established by Baron De Occr and other observersdn the south-east of Scandinavia and 
the soiitheru half of the Gulf of Bothnia. It has there been ascertained tliat the land 
has been upraised with a maximum elevation lather more than lOiiO feet in the centre 
of the peninsula. Do Geer has traced lines of equal deformation round Ibis centre, and 
has found that these lines {isobasrs) group themselves in conceiitrK' circles, showing a 
tolerably regular docrea.se m height in every direction toward the piijihoral ])art (►f the 
region until the lino for zero is reached, outside of which no sign of upheaval is to be 
found.® Further evidence to the same effect is supplied by Dr. Holland, who has found 
by careful measurement in the Tromso district that tho two raised beaches so well dis- 
played there have a seaward inclination, which in the case of the ijpper lieach amounts 
to about three miiiutos, and in the lower to about one minute. The dip is nearly at 
right angles to the trend of the coast, so that it veers fiom a westerly direction in tlie 
south to northerly in the noith. The uplift was evidently diminishing in late, lis shown 
by the dip being three times greater in the older terrace than in the younger.® 

Further supiairt of the view that the movement has had its origin in the land and 
not in the sea, is supplied by the observations of Do Geer on changes of level in the shore- 
lines around the inland lakes of Southern Sweden. He has obtained evidence that 
those lakes which have their outlets in the direction away fiotn the area of greatest 

p. 187. J. H. Vogt, Nitrges iifol. Umlrrahg. .No. 29 (1900). The evidence of upri.se is 
contested by Sucss, who endeavours to prove that the terrace.s m Northern Scandinavia were 
made in ice-damnied fjords, and fliat the allegeil proofs of uprise in tlie Gulf of Bothnia may 
Iw explained by changes in the level of the water due to cliinatologicul causes. See chaps, viii, 
and X. of the ‘ Anthtz der Erde ' or * Face de la Terre. ’ 

' James Smith, Q. J. S. ii. (1846), p. 41. G. Maw, Ofo(, Mng. vii. (1870), p 552. 
A. C. Itarasay and J. Oeikle, Q. J. W. X xxxiv. (1878). p. 521. 

* Bnil. Sor. GM. France (3), iv. p. 86. On recent cliange» of level along the shores of 
Italy, sve A. Usel, Congr, Ueog. Jtal, 1896, p. 165. 

* 'Geological Observations,’ chap. ix. See f»eol. Mag. 1877, p. 28. 

* Haast's 'Geology of Canterbury,’ 1879, p. 366. 

® See his )>apers on Scandinavian Strand-lines citevl on the foregoing jiage. 

* JVorpej Geol, Undtr$^. No, 28, Aarbog 1900, 
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elerctioo haT« undergone an uplift at thrir up})er ends, dehaa and lake depoaiU 
being now above the level of the water. The tilting of the ground around Lake Venerii 
, is estimated by him to have been about 13 tiietren tonanU the soutii. Some of (he 
lakes have in this way been half emptied. On the other haiul, those lakes which have 
their outflow towards the i-egiou of greatest eleration have uudeigttiie a submergeiuif of 
their upjwr ends, which in the case of Lake Vettein is estimated at 10 melres ‘ 

A similar inland warping has been detected in the luteiior of t'anada and the 
United States in the region of the groat lakes. It ha.s there Wn ascot tuini d tlial a 
movement of slevation is now going on to the noith and iioiiloea.st of the lukis, where- 
by the region oempied by these great bodies of water is b<-itig tilted tuwai>ls the suiilli- 
w’est.'* Obsei vatioiis at iiitei va!s ttf fioni (went) to thirty seven years imlio.ite ii mean 
rate of upiift of lalher less than si\ inches in a otMitiiry. Tlio effecl of tins move- 
ment IS to raise the shore-lines that lie to the north of the outlets, slid to snlnneige 
those that lie to the soutli-wost. As the whole bo«ly «»f Lake Huron is on ihoiuiilli 
side of the line (isobase) its slioius .ire cveiywliere rising In Lake Mniiigan, on the 
other hand, the ‘-hores of tlie southern half, which l^ situated to the south of the hue. 
are steadily being submerged. The iiso of the wutei at Milwaukee is i-.stiinateil at fi or 
6 inches 111 a ci-ntury, and nt Chicago f>etween 9 and 10 inches. 

If this movement should continue, leinarkable ch.ingea in the hyliogiai'liv of the 
region will be bioiiglu about At the present late of tilting the watci of l.akc 
Michigan in some fiOO or 600 years will have submerged the site of the jnesent uly of 
Chicago, and will have risen up to the level t)f the low watershed wfieie the sticums 
dram into the Mis.siHsi|nn “In about 2(i00 years the disdiarge from laike Michignii- 
Huron-Kne, which will then have substantially the same level, will be ei|iiiilly liivnled 
ks'tweeii the western outlet at Chu^go and thetasternat Hnffalo In 2l»00 \caM the 
Niagara Kiver will have become an intermittent stieam, .and in 3000 ycais all its water 
will have been diverted to llie Chicago outlet, the Illinois llivci, tlic Mishishipju Uiver, 
and the («nll of .Mexico. '’•* 

Human Uecords and Traihtioii.s - In countries winch havf been long sittlml 
by a human jiopnl.itiou, it ih soiimtimes possible to prove, oi at least to lender piobablo, 
the fact of recent ( haiigc of level by lefeienee to tiadilioii, to local names, am) to works 
of biimaii coiisirucliou. Some of these sources of evidence have ulicaily been cited. 
Thus piers and liarbours, if now found to stand above the up|*ci limit of liigli water, 
furnish indisputable evidence of an emergeme of land sinee their eiertmij. Nuiiieroua 
proofs of a recent change of level in the coast of the Arctic (bean from Spitsbergen 
eastward have l>oea observed. The shores of the (Julf of Bothnia, its al>ove lefciied to, 
have undergone an appreciable uplift within the last century, at Stockholm the 
amount having In-en 4H centimetres (18J inches'. R Sieger is of opinion that the 
elevation was at its riiajiinum rate when Celsiii.s begun his survey m the rally pmt of 
tlie eighicenlb leiitury, and that it has since then diiniiiislied. In Finmaiktii si 
Boxkop, Alien, an iron Imlt fixed on the chlf, and said to have marked the uppei 
limit of the zone of sea wpe<J at the time of the Bravais cxjjedition (1844j, is now 1 ‘20 
metre (nearly four feet) above the same limit at the present day.* At Spii/hcigen, 
besides its ratsed beaches, Iieaiing witnesn to inevions elevations, small island-, whieh 
cxisteil two hundred years ago are now joined t<» laiger ptirtions of land At Novaja • 

' Sveng. OoA, Umirrsiikn, Affuitidl. No. 141. 

* J. W. Spencer, Tran*. Km/. .S<h\ Oawtda. 1K89. ji. 13‘2 . .t>nrr. Jotnn. Stu \I. (J»90), 
p, 443 ; xli, (1391), pp. 12-201 ; xlvii, (1894). p. 207 . xhiii. (1894). p. 45.*), i). K. (JillsTt, 
Aaiu/naJ Gfograph, May., Washington, SepteniWr 1897 ; AW* Ann. lUp, V. «S. r/. S, jjart 
ii. (1898), p. 601. 

’ G. K. Gilbert, Xai, Geoy. May. td jiupra, p. 247. J. W. Sj>eiicer, Auier. Jour. ,Sfi, 
xlviii. (1894), p. 472. 

* H. Reuaoh, * Folk og Xatur i Fiiimarken,’ p. 8. 
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Z«inlja, where six raised beaches were found by Nordenskjold, the highest being 600 feet 
abore sea-level,' there seems to have been a rising of the sea-bottom to the extent of 
100 feet or more since the Dutch expedition of 1594. Oii the north coast of Siberia the* 
island of Diomida, observed hi 1760 by Chalaourof to the east of Capo Sviatoj, was 
found by Wrarigel sixty yeais afterwards to have been united to the mainland.’' 

§ 2. Subsidence. — It is more difficult to trace a downward move- 
ment of land, for the evidence of eacli successive sea-margin is carried 
down and washed away or covered up. The student will take care to 
guard himself against being misled by mere proofs of the advance of the 
sea on the land. In the great majority of cases, where such an advance 
is taking place, it is due not to subsidence of the land, but to erosion 
of the shores. It is, indee<l, the converse of the deposition above 
mentioned (p. 381) as liable to be mistaken for proof of upheaval. The 
results of mere erosion by the sea, however, and those of actual de- 
pression of the level of the land, cannot always be distinguished without 
some care. The encroachment of the sea upon the land may involve the 
disappearance of successive fields, roads, houses, villages, and even whole 
piirishcs, without any actual change of level of the land. Moreover, 
certain causes, referred to below, may come into operation to produce an 
actual submergence of land without any real subsidence of the land 
itself. The following kinds of evidence are usually cited to prove 
subsidence. 

Submerged Forests.— As the land is brought within reach of the waves, and its 
chtraoteristic surface-features are effaced, the submerged area may retain little nr no 
evidence of its having lieen a land-surface. It will be covered, as a lule, with sea worn 
Band or silt. Hence, no doubt, the reason W'hy, among the marine Mtiata which funi 
80 much of the stratified portion of the earth’s crust, and contain so many proofs of 
depression, actual traces of laud-surfaces are oomjtnratively rare. It i.s only under veiy 
favourable circumstances, as, for instance, where the area is sheltered from prevalent 
winds and waves, and where, therefore, the surface of the land can sink trauquiLty 
under the sea, that fragments of that surface may bo preserved under overlying marine 
accumulations. It is in such places that “submerged forests ” occui ',Viij. "9). These 
are stumjM of trees still in their positions of growth in their native soil, often asso- 
ciated with beds of jieat, full of tree-roots, hazel-nuts, branches, leaves and othei 
iudioations of a terrestrial surface. There is sometimes, however, considerable risk of 
deception in regard to the nature and value of such evidence of depression. Where, 
for instance, shingle or sand is hanked up against a shore or livjer-mouth, considerable 
ajia- es may he enclosed and lilled with fresh water, the bottom 'of which may he some 
way below high-water murk. In such lagoons terrestrial vegetation and dt’bria from 
the land may be deposited. Eventually, if the protecting harrjiers should be cut away 
the tides may flow over the layers of terrestrial peat, givinfb a false appearance of 


‘ yatMff, XV. p. 123. 

* Orail, Buil. Soc, OM. Franct, 3rd ser. ii. p. 348. Tras-'ca of oscillations of level 
within historic times have been citetl fipom the Netherlands, , Flanders, and Upper Italy. 
BxUl. Nbc. OfoL France, 2nd ser. xix. p. 666; 8rd ser. ii. ptf. 46, 222 \ Ann. Soe. OSol. 
Fmi. V. p. 218. For alleged changes of level in the estuary .of the Garonne, ^ee Artignes, 
.4d. St>c^ Linn. Bordeaux, xxxl (1876), p. 287 ; and Delfortrie, d>id. xxxii. p. 79. It roust 
ue admitted that some of the snpposed proofs of such ch ange* are inconclusive or even 
foundeil on erroneous observation and deduction. See the dis^ssion of the evidence by 
Profeiaor Snesa in his work already quoted. 
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tubiidence. Again, owing to removal of subterranean sandy depoaite by apringa, over* 
lying peat*be<ls may sink below sea-level.* There can be liltle doubt that many of the 
submerged forests of western Kurope, which have been cited as proofs of subsidence, are 
to be thus explained. 

De la Beche has described, round the shores of Devon, Cornwall, and wcstcni 
Somerset, a vegetable accumulation, consi.sting of jdants of the same s|%e<'ios as those 
which now grow freely on the adjoining land, and occurring as u binl at the mouths of 
valleys, at the bottoms of sheltered bays, and in front of and under low tracts of land, 
oT which the seaward side dijjs beneath tiio pre.MUit level of the .sea ^ Over this sub- 
merged land-surface, sand and silt containmg estuarine shells have generally lieeii 



A plslfiinu Ilf nMtT nx kx (f f ) Iim b*Tii < «m-rwl with k<ii1 (d d) on whicli (a n ii «() have t’xUlilisluMt 
III ronrof nf sflfTsoitH* of tie- tiee>< ha<l fallt ii (h), hiiU a giiAiitily of vcneUbln 

(•■111 liml accnimilatcil, f-nclDMiiig hei«- ami th«-re the Ikiiica of iU-«>r ami oxen (t r), the arf-t sank, aiul 

the -K-a oierlldWiiiK it threw <]yvni ut»on lt« surface Handy or mud'ly (//). 

deposited, whence we miiy infer that, in the suhniergence, the valleys tirst lietsams 
estuancH, and then .se.a lmyH If now, in the course of agc.s, a series of such submerged 
forests should he formed succes.sively one over the other, and if, finally, they shonlil, 
by upheaval of the sea-bottoin, be once moi« laid dry, so as to bo capable of examina- 
tion by iKiring, well-sinkiiig, or otherwise, they woubi prove a former long-continiic«l 
depreMion, with intervals of lest. These iiiteivals would be marked by the buried 
forests, and the progress of depression by the strata of sand and mud lying between 
them. In shoit, the evidence would be strictly on a parallel with that furnished by a 
.succession of rarsed beaches ns to a former protratted inteiiniltent elevation. 

Such a record of suhsiiicnce has been found at Harry on the north coast of the 
Bristol Channel, where four beds of jieat full of terrestrial vegeuiion and clays con- 
taining fiesh-water shells wire met with in making a dwk at that place. At least four 
terrestrial surfaces lie lielow mean sea-level, indicating a subsidence of not less than 55 
feet since the earliest of them was overflowed by the sea. * 

* Sic a pafier by (i. H. Morton {frWd. Mmi. Diy*.:, p. 432), iii wliicli he asaigiiwl the 
.subti'rraniean ero-uou of tlie glacial drift os a prolwlde lause of submerged peat and forest* 
lieds. 

^ “ Geologj of Ikevoii and Coriiwa!l," A/«m. f»co/. Surrey. For further accounts of 
British Mibnicrged forests, see Q. J. (ieol. jSot xxii p. 1 , xxxiv. p. 447 ; (S»U. May. vf, 
p. 76; vm p. 04 ; in. 2iul m-r. )i. 4P1 ; vi. pp. hO, 251. Mr. D. Pidgeon has arguei) in 
favour of the submerged forest of Torbay having been formed without suUidence of the 
land <^i(art. Jovrn, frW. S^, xli. (1886), p. 9. See also W Shone, i>p. cil, xlvili. 
(1892), p. 96. 

’ A. Strahan, Q, J. (j. S. Iii, (1896), p. 474. Many ilescriptions have Wn published of 
the “ submergetl forests ” of the British coasts. Those of England are briefly refeirwl to in 
Mr. H. B. Wootlward’s ‘Geology of England and Waiet.’ Mr. Mallard Reade has noted 



390 


DYNAMICAL GEOLOGY 


BOOK in PART I 


Along the coaste of Holland and the north of France, submerged beds of peat have 
been regarded as proofs of submergence during historic times. The amount of change 
varies considerably in different places, and here and there can liardly be appreciated. 
The sinking during the 350 years preceding 1850 is estimated to have amounted in the 
polders of Gioningcn to a mean annual rate of 8 millimetres.* In the north of France 
numerous examples of submerged for<>8ts have been observed. In 1846, in digging the 
harbour of St. Servan, near St. Malo, a Gaulish cemetery containing ornaments and 
coins, and rt-sting on n still more ancient prehistoric cemetery, was met with at a level 
of 6 metres below the level of high tide, so that the submergence must have been at 
least to that extent.'-* 

Coral - island. s.— Evidence of widespread depression, over the area of the Pacific 
and Indian Oceans, has been adduced from the structure and growth of 'coral-reefs and 
islands. Mr. Darwin, many years ago, stated his belief that, as the reef-building corals 
do not liye at depths of more than 20 to 30 fathoms, end yet their reefs rise out of deep 
water, tlic sites on which they have formed these .structures must have sub.sided, the 
rate of subsidence being so slow that the upward growth of the reefs has on the whole 
kept pace with it.^ More recent ro.searches, howevet, show that the phenomena of coral- 
reefs aie in some cases, at least, capable of satisfactory explanation without subsidence, 
and hence that their existence can no longer be adduced by itscli as a demonstration 
of the subsidence of Urge areas of the ocean.* The formation of coral-reefs is described 
in Book III. Tart II. Sect, iii., and Mr. Darwin’s theory i.s there more fully explained. 

Distribution of Plants and Animals. —Since the appearance of Edward Forbes’s 
essay upon the connection between the distiibution of the existing fauna and flora of the 
British Isles, and the geological changes whicli have affected that area,® much attention 
has boon given to the evidence furnished by the geographical distribution of plants and 
animals as to geological revolutions. In some cases, the former existence of land now 
submerged ha.s been inferred with considerable confidence from the distribution of living 
oiganisms, although, as Mr. Wallace has shown in the case of the supjiosed “ Lemuna," 

evidence of oscilUtionn of level in the neighbourhood of Liverpool, (kol. Mag. 1896, p. 488. 
The sunk forests of ( Viitral Scotland are discussed by me in the f/co/. Sun\ Menwir on F>a.stem 
Fife, p. 316. 

' [joiic, .l/c/iues du Mush Teyler, ser. li. vol. In. jiart (1890), p. 421. Lavoleye, 

‘ Affais.semeiit du Sol et enva.sement des Fleuves, .siirvcnus dans les temps historiques,’ 
Brussels, 1859. Grnd, Hull (M./. Francs, li. (3rd ser.), p. 46. Arend.s, ‘Physi.sche 
Oesebichte der Nonlseekiiste,’ 1833, Compare also H. A. Peacock on ‘Physical and 
Historical Evidences of vast Sinkings of Land on the North ami West Coasts of France, Ac.,’ 
Lomlon, 1868. For submcrge«l {>eat-l>e<ls on French coast, see A. Gaspard, ylun. QM. 
Nord, 1870 74, p. 40. On oscillations of French coast, T. Girard, Bull Sue. Ghgraph. 
Farut, ser. 6, vol. x. p. 225 ; E. Delfortrie, .4c/. Site. Linn, Bordeaux, st'r. 4, vol. i. p. 79. 

LorU, u/ supra, p. 438. But see Sue.s8, ‘ Antlit* der Erde,’ li. p. 547. Evidence of recent 
aubuiergencA ha.s been collected in all i>arts of the glolie, and reliance lias Itoeti generally 
placed on the testimony of “ submergeil forests ” in favour of .subsidence of the land. From 
whut has been said in the text, it is obvious that the evidence in each case must be tested 
with reference to the lt>cal coudition.s. Messrs. R. Etheridge, jiin., ami Edgeworth David 
have in this way critically examineil the evidence of changes of level in New South W’ales, 
and have described a proof of subsidence near Sydney : Jaunt. Roy, Soc. X. K Wales, 
vol. XXX. (1896). 

'' See Darwin’s ‘Coral Islands,’ Dana’s ‘Corals and Coral Lsland-s,’ and the works cited 
under “ Coral-reefs,” jjos/co, p. 612. The various theories on the subject are discussed by 
R. Longcnbeck in his ‘Thcorien liber die Entatehiing der Koralleninseln und Korallenriffe,’ 
1890. 

* See I*roc. Roy. Fhys. Hoc. EdinburglK, viu. p. 1. 

‘ Mem, Qeol. Survey, i. (1846), p. 386. 
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some of the inferencM hare be«n unfounded and unneceMaty.^ The prt>sent dietributiou 
of planta and animals is only intelligible in the light of former geologu'sl changes. As 
a single illustration of the kind of reasoning from pre.sent zoological groupings as t(t 
fonner geological sulwidence, reference may be made to the fact, that while the fishes 
and molhisks living in the seas on the tw’o sides of the Isthmus of rsiiama are on the 
whole Tory distinct, a few shells and a large number of lishes an* identical ; whence the 
inference has been drawn that though a broad water-channel originally .scparatetl N'oith 
and South America in Miwene limes, a mtics of elevations and subhidciioes has since 
occurred, the most recent .submersion having lasted but a short tune, allowing the 
jiassagc of locomotive fishe.s, yci nut admitting of much change in the ( omparatively 
,8tationary mollusks.'’ 

Fjords. •-An inteiesting proof of an cxtcriMve depression of the north-west of Kuiu]m> 
is furnished by the fjords or sca-lotdis by which that region is indented. A fjord i . a 
long, narrow, and often singularly deep inlet of the sea. which teniiiiifitc s inland at the 
mouth of a glen or valley The word is Norwegum, ainl in Noi way fjords aie ch.uacti r- 
istically de\ eloped. The Engli.sli word “lirth,” however, is the same, and the western 
coasts of the British Isles fnriitsh many e\<’ell<-nt exanijdes of fiord.s, such as llie Scotti.sh 
Loch Ilourn, Lwh Nevis, Loch Fyne, (lareloeb , and the Irish Lough Foyle, Lrnigh 
Swilly, Bantrv Buy, Ihimuanns Bay. Similar indentation.s abound on the west coast of 
Biitish North America and of the South Island of New //calami. Some of the Alpine 
lakes (Lucerne, (larda, Maggmre, and others), as wtll as many in Britain, ate inland 
examples of fjoids. 

There can he little doubt that, tliougb now tilbsl with Halt water, fjords liave been 
originally huid-valleys. The long inlet wa.s lust e\<-avalcd as a valley or gb’n Tlie 
adjacent valley exactly correspomis in form and character w’ltli the hollow of tlie fjoid, 
and must be regarded as merely its inland prolongation. That the gl«n.s have been 
excavated by snliuerial agents is a coiichisiun borne out by a great weight of evidence, 
which will be detailed in later parts of this Vfiliitne. If, therefore, we admit the suh- 
aerial origin of the gh'ii, we must also giant a similar origin to its seaward jirolongatioii. 
Every fjoiii will thus mark the site of a fmhrnerged valley. This inferen<*e is conlirnied 
by the fact that fjords ilo not, as a rule, oeeur singly, hut, like glens tin land, lie in 
groups ; 80 that, when fomid intersecting a long line of (oast, Hueh as that of the west 
of Norway or the west of Scothunl, they nhow that tlie sea now runs far up ami fillrt 
submerged glens ‘ 

Hiiinan Constriirt ion s and Historical Records .Shtuild the sra be observed 
to rise to the level of roads ami buildings whnh it never iisetl to touch, shouhi foimei 
half-tide rocks cea-seto bo visible even at low water, uml hlioubi rocks, pievinusly above 
the reaeh of the highest tnle, tie tin m l (ir.st into shoie reefs, then into skenies and 
islets, wo infer that ttic coast-line is sinking Rcfcience has atiove lieen made to jiroofs 
of this nature furnished by the west roast of Japan, .Similar evidence is found in 
Scania, the most southerly part of Sweden Streets, built of course atiovo higli-watru 
mark, now he Ixdow it, with older stieefs lying beneath tliem, so tliat the suhsidence ia 
of some antiquity. A stone, the position of winch had been exa#’,tly dclerniitied by 

’ ‘Island Life,’ IKSO, ji. 31M. In this work th*- quiHlion of ilistiiLution tn its geologn al 
relations is treated with adniiralde lucidity and fuliieNS 

A. R, Wallace, ‘ (tcographicai Distribution of Animals,' i pji 40, 76. 

’ See on the Hiihmerged vallejs of Srotland, A. (L, ‘.Sn-nery of Scotland,' 8rd edit, 
1900; those of South Wales, Devon, and Cornwall, Mr. Coilringtoii, J. d, S. liv. (1898). 
p. 2f)l. The hoe of ancient submerged valleys can la- traced by the souiidingR over the 
floor of the North Sea (J. Murray, .Vrn. Pmr. InM. Civ. Kngin. xx. 1881). riofewor 
Hull has endeavoured to trace the prolongation of the riv«-r valleys of Weatem Eiirojie 
across the submerged continental platform, and Mr. Hudleston lias disciuweit the subrunrine 
topography of that region, dfftl. Mag. 1899, pp. 97, 145. 
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Linnaeus in 1749, wai found after 87 years to be 100 feet nearer the water’s edge.* The 
west coast of Greenland, for a space of more than 600 rnilea, is perceptibly sinking. It 
has there been noticed that, over ancient buildings on low shores, as well as over entire 
islets, the sea has risen. The Moravian settleis have been more than once driven to 
ahift their boat-poles inland, some of the old poles remaining visible under water.^ 
Historical evidence likewise exists of the subsidence of ground in Holland and rjclgiuiii. 
On the coast of Dalmatia, Roman loads and villas are .said to be visible below the sea.® 

:J. Causes of Upheaval and Subsidence of Land.^ — AVhile changes 
in the level of the land, whether sudden or secular, must be traced back 
mainly to conseiiuenees of the internal heat of the earth, there are various 
ways in which this cause may act. As rocks expand when heated, and 
contract on cooling, we may suppose that, if the crust underneath a tract of 
land has, its temperature slowly raised, as no doubt takes place round areas 
of nascent volcanoes, while the magma is being squeezed upward, a gradual 
uprise of the ground above will lie the result. The gradual transference 
of the heat to another <{uarter may [irodiice a .sternly subsidence. Basing 
on the ca!culation.s of Colonel Totten, cited on p. 401, Lyell estimated 
that a mass of red sandstone one mile thick, liaving its temperature 
augmented 200' Fahr., would raise the overlying rock.s 10 feet, and that 
a portion of the earth’s crust of similar character 50 miles thick, with an 
increase of 000' or 800 ', might produce an elevation of 1000 or 1500 
feet.'* Hut tliis computation, as Mr. Mellard Reade has pointed out, 
takes account only of linear expansion. If from any cause the mass of 
rock whose temperature was augmented could not expand horizontally, it 
would rise vertically ; and unless some of the biirplus volume could be 
disposed of by condensation of the rock, tlie uprise would be three times 
as mucli as the linear extension. Taking this view of the case, he finds 
that a mass of the earth’s crust twenty miles thick, heated lOOd Fahr.,. 
and prevented from extending laterally, would ri^e lO.'iO feet.*’ lit; has 
accordingly sought in this eau.se an explanation of the origin of mountain 
ranges, and of the complicated geological structure which they present. 

• Act onliiig to Knlmaiiii, the 'lubsitlciicc Ikin now coascil, or bus even been eveliangoti lor 
an upw'ivnl movement Fbr S/m’kho/m h'lohinitU. i p. N.itliorst also tlllnk^ tliat 

Scania is now .slnirmg ui the general elevation of Seamlimii in (iW. p. *281 ; ‘ Svcrige.s Geologi,’ 
p. 267). It appears that the /.eio of movement now pa.sses tluongh Bornholm and Ijaalfind. 

® These observations, winch were generallN accepted for moie than a generation I l‘r(*c. OVr*/. 
Soe. li. (1835), j). 208), Inive l>een called in fpiestioii, but the alleged disproof is not convincing, 
and they are liere retaiiieil as woithy of cretiemv. See Sness, Vrrhand. OVo/. Reu-h.vmshiU, 
1880, No 11, ami ‘ Antlit? tier Hide,' ii. p. 41,') ft s(q. 

•* IhdL Vnm. OV(t/. IttiL 1874, p. 67. 

^ * Major i’owell proposed the use of the term ‘Miastroplnsm ” to tienote all the itrot esses 
of deformation of the earth's cnist. Klevation, subsidence, juicalion nml fniclure are all 
diastropfne. Mr. GiIlH-rt has further .siUHlivided diastrophism into ttct-j/cny or nionntain- 
niaking and efninnjenti or continent-making. Otogenic movements .are displajed in the 
narrower waves of uplift in tlio tenestrial crust, ami are associattsl willi the more energetic 
manifestations of diastrophism, while the epirogenic, so far aa known to n.s, are rather dis- 
played in slow' secular deformation of the crust. '‘Ijake Bonneville," Monntj. No. i. 
V. s. O. s pp. 3, 340. 

* ’ l*rinciides,’ ii. p. 285. 

* Mellard Reade, ‘Origin of Mountain Ranges’ (1886), pp. 112, 114. 
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Ho conceives that such ranges can only take their rise in regions of 
copious sedimentation. As the successive layers of sinliment are piled 
over each other for thousands of feet, the isogcothcrms, or lines of e<jual 
subterninean temperature, move upwanl into them. The increase of 
temperature expands them in e\ery direction in pix)|)ortion to their extent 
and thicknes.s. The tendency to lateral expansion is checked hy the 
resisUince of the jwirt of the earth's crust lying l»e\ond the locally heated 
area. The expanding mass is therefore forced to expend its energies 
within itself, and hence arise the plication.s, faults, thrust planes and 
other structures characteri.stic of such uplifted ground. The cause thus 
appealed tonnust he admitted to exist and to jntsscss some importance, 
though it may he inca|whle of achieving what is clainuMl for it. 

.\gain, rock.s expand hy fusion ami contract on s(tlidification Hence, 
by the alternate melting and solidifying of suhterrane.an masses, upheaval 
and depression of the surface mav po.ssihly be produced (see pp. 399, 
Ihl. 40S). 

But processes of this nature probably only ellect changes of level 
limited in amount and local in area. When we consider tlu'. wide tracts 
over which terrestrial movements are now taking j>lacc, or have occurred 
in past time, the exfilanation of them must manifestly he sought in some 
far more widesjiread and generally effective force in g<‘ological dynamics. 
It must he confessed, however, th.at no altogether satisfactory solution of 
the problem has yet been given, and that the .subject still remains beset 
with many difficulties. 

iVofes.sor Darwin, in one of his memoirs alieaily cited {ante, p, 30), 
has suggested a possible determining cause of the larger features of the 
earth’s surface. Assuming for his theory a certain d«‘grec of viscosity in 
the earth, he points {»ut that, under the <ond»ined influence of roUition 
and the moon’s attraction, the jsdar regions teml to outstrij) the e(juator, 
ami to acquire a conse(|uenl .slow motion from uest to e.ast ladalively to 
the equator. The amount of distortion ptisluccd by this .screwing motion 
he finds to have been so slow, that l.’'>,OO0,O0b years ago a jKiint in lat. 
.30 W(mld have been 4J', and a jioint in lat ♦!(> 1 f |’ farther we.st, with 
reference to the e({uator, than they are at pre.se.nt. 'Phis slight ti.insfer- 
cnce shows us, he remark.s, th.at the amount of dist.ortion of the surface 
strata from this cause must be exceedingly minut«*. But it is conceivable 
that, in earlier comlitioris of the planet, this screwing action of the earth 
may have ha<i some intiuence in det<;nnining the surfaci* features of the 
planet. In a l>ody not jieifectly homogeneous it might originate wrinklcK 
at the suiface running perpendicular to the direction of greatest pre.ssure. • 
“In the CMse of the earth, the wrinkles would nin north ami s«aith at the 
equator, ami would bear away to the eastward in northerly and southerly 
latitude.s, so that at the north pole the trend would be north east, and at 
the south pole north-west. Also the inten.sity of the wrinkling ff»rce 
varies as the .square of the cosine of the latitude, and is thus greatest at 
the e(piator and zero at the |>oleg. Any wrinkle, when once formed, 
wouM have a tendency to turn slightly, s*) as to lieeome more nearly east 
and west than it wa.s when first made.” 
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According to the theory, the highest elevations of the earth’s surface 
should be equatorial, and should have a general north and south trend, 
while in the northern hemisphere the main direction of the masses of 
land should bend round towards north-east, and in the opposite hemi- 
sphere towards south-east. Professor Darwin thinks that the general facts 
of terrestrial geography tend to corroborate his theoretical views, though 
he admits that some are very unfavourable to them. In the discussion of 
such a theory, however, we must remember that the present mountain 
chains on the earth's surface are not aboriginal, but arose at many 
successive and widely separated epochs. Now it is quite certain that the 
younger mountain chains (and these include the loftiest on the surface of 
the globe) aro.se, or at least received their chief upheaval, during the 
Tertiary periods— a comj>aratively late date in geological history. Unless 
wo are to enlarge enormously the limits of time which physicists are 
willing to concede for the evolution of the whole of that history, we can 
hardly suppose that the elevation of the great mountain chains took place 
at an epocli at all approaching an antiquity of 45,000,000 years. Yet, 
according to Professor Darwin’s showing, the superficial effects of internal 
distortion must have been exceedingly minute during the past 45,000,000 
years. We must either therefore multiply enormously the periods re- 
quired for geological changes, or find some cau.se which could have 
elevated great mountain-chains at more recent intervals. 

Put it is well worth con.sideration whether the cause suggested by 
Professor Darwin may not have given their initial trend to the masses of 
land, so that any subsequent wrinkling of the terre.strial surface, due to any 
other cause, would be apt to take place along the original lines, 'lo be 
able to answer this question, it is neccs.sary to a.scertain the dominant hue 
of strike of the older geological formations. But information on this 
subject is still scanty. In north-western Europe, the prevalent line along 
which terrestrial plications took place during tlie earlier half of Palieo/oic 
time was from S.W. or S.S.W. to N.E. or N.N.K.— the Caledonian chain 
of Professor Suo.ss ; and a similar trend may be recognised in the Eastern 
States of North America. In the later Pala*ozoic ages other plications took 
a general W.S.^^'. direction, from the mouth of the Shannon to that of the 
Ix)iro, and ridged up the Old Bod Sandstone and older Carlmnifcrous forma- 
tions {Armorican chain). But the trend of later movements followed still 
other lines, down to the youngc.st foldings of the Alps. The striking 
contradictions between the actual direction of so many mountain chains and 
masses of land, and what ought to l>c their line according to the theory, 
< seem to indicate that while the effects of internal distortion may have 
given the fii-st outlines to the land areas of the globe, some other cause has 
been at work in later times, acting sometimes along the original lines, 
more frecjuently obliipio to or acro.ss them. 

The cause to which most geologists are now disposcrl to refer the 
cornigations of the earth’s surface is secular cooling and consequent con- 
traction.^ If our planet has been steadily losing heat by radiation into 

' For criticisms of this vi**w see Rev. 0. Fisher's ‘ Physics of Eartli's Crust,’ 2nd e<1it. 
Miyjor Dutton on “Greater Problems of Physical Geology,” Bull. Phil. Soc. Waaiungton, 
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space, it must have progessively diminished in volume. The cooling 
implies contraction. According to Mallet, the diameter of the earth is 
less by at least 189 miles since the time when the planet was a ma.ss of 
liquid. ‘ But the contraction has not manifested itself uniformly over the 
whole surface of the planet The cnist varies much in structure, in 
thermal resistance, and in the po.sition of its isogeothermal liiu's. As the 
hotter nuqleus contracts more rapiilly by cooling than the cooled and 
hardened crust, the latter must sink down by its oun weiglu, and in so 
doing requires to accommodate itself to a continually dimiiiishuig diameter. 
The descent of the crust gives rise to enormous tangential pressures. The 
rocks are criished, crumpled, and broken in many jilaoes. Subsidence must 
have been the general rule, but every subsidence would (hmbth'ss be 
acconijianiod with upheavals of a more limited kind. 'I’lie ilirection of 
these upheaved tracts, whether determined, jus iVofesstir Darwin suggests, 
by the effects of the internal distortion, or by some original feature's in the 
structure of the crust, would )>e apt to he linear. 'I’he lines, oneei tjiken 
as lines of weakness or relief from the int<*n.se strain, would probahly 1 k^ 
made use of again and again at suecessne jiarovysms e»r more Irampiil 
periods of contraction. Mallet ingeniously e-onnected tliese movements 
with the linear direction of mounuin eliain.s, vedeanie vents, ami earth- 
(juakc shocks. If the initial trend to the land masses were giv<‘n as 
hy|S)theticully stated hy Professor Darwin, we may conceive that after the 
outer part.s of the glolte had attaunMl a considerahle rigidity and could 
then he only slightly influenced by internal distortion, the effects of 
continued secular contraction would he seen in the uiU'rmittent snbsideneo 
of the oceanic hiisins already existing, and in the 8nceeH.siNe crumpling and 
elevation of the intervening stiffened terrestrial ridges. 

This view’, variously ni(«lified, has been widi-ly accepted by g('(»logista 
as furnishing an exjilanation of the origin of the u|)hea\als and subsid- 
ences of which the eiirth’s crust contains .such a long record. But it is 
not unattended with ohjection.s. The difficulty of conceiving that a 
globe po.sscssing on the whole a rigidity equal to that of glass or steel 
could be corrugated i\n the crust of the earth has been, has h'd some 
writers to adopt the hypothesis of an intermediate viscous layer between 
the solid crust and the solid nucleus (antf, p. CO), while others have 
suggested that the oKserved subsidence may have ln'cn caused, or at 
loa.st aggravated, by the escape of vajaairs from volcanic orifices. But 
with various modifications, the main ciiusc of terrestrial movements is still 
sought in secular contraction. 

Some observers, following an original suggestion of Babbage,* liavl 
supposed that upheaval and subsidence, together with th<^ solidification, 
crystallisation, and metamorphism of the layers of the ttarlh’s crust, may 
have been in large measure due to the dcjKisition ami removal of mineral 
matter on the surface. There can l>e no doubt that the linos of equal 

xi. p. 52; al.«> Amrr. Joum. Sri. viii, (1874), p. 121. Mr. .Mdlard ncful**, 'Origin of 
Mountain Ranges.’ 

» PhU. Trans. 1873, p. 205. 

a Joum. Geol. iii, (18S4), p. 206. 
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internal temperature (mgeotbermal lines) for a considerable depth down- 
ward, follow approximately the contours of the surface, curving up and 
down as the surface rises into mountains or sinks into plains. The de- 
position of a thousand feet of rock will cause a corresponding rise in the 
isogeotherms (p. 393) ; and if we assume the average rise of temperature 
to be r Fahr. for every 50 feet, then the temperature of the crust 
immefliately below this deposited ma.s8 of rock will be raised 20°. But 
masses of sediment of much greater thickness have been laid down, and 
wo may admit that a much greater increase of temperature than 20° has 
been etlected by this means. On the other hand, the denudation of the 
land must lead to a depression of the isogeotherms, and a consequent 
cooling of the upper layers of the crust. 

It may be conceded that in so far as the interiial stnicture of rocks 
may be modified by such progressive increase of temperature as would 
arise from superficial deposit, this cause of change must have a place in 
geological dynamics. But it has been urged that, liesides this effect, the 
removal of rock by denudation from one area and its accumulation upon 
another affects the o(iuilibcium of the crust; that the portions where 
denudation is active, being relieved of weight, rise, while those where 
deposition is prolonged, being on the contrary loaded, sink.^ This hypo- 
thesis hits recently been strongly advocated by some of the geologists who 
have explored the Western States and Territories of Amer ica, and who 
point in proof of its truth to evidence of continuous subsidence in tracts 
where there was j)rolongod dej)osition, and of the uprise and curvature of 
originally horizontal strata over mountain ranges like the Uinta Mountains 
in Wyoming and Utah, which have been for a long time out of water. 
There can bo no doubt that the solid rocks at no great depth beneath 
the surface have reached the limit at which, under the same pressure, 
tliey would lie crushed to powder above ground, and that they are thus 
in a state of what has been called “ latent plasticity,” ready to move or 
flow in any direction in which some escape from the pressure is possible. 
To suppose, however, that the removal and deposit of a few thousand feet 
of rock, such as the inuvss of a mountain belt like the Alps, should so 
seriously affect the e<iuilibrium of the crust as to cause it to sink and 
rise in proportion, would evince an incredible degree of mobility in the 
earth which would surely be manifested in other directions. The series 
of gravity measurements carried on from the eastern coast of the United 
States to Salt Lake City in 1894, has shown that “the earth is able to 
bear on its surface greater loads than American geologists have been 
disposed to admit. They indicate that unloading and loading through 
degradation and deposition cannot l>e the cause of the continued rising 
of mountain ridges with reference to adjacent valleys, but that, on the 
contrary, the rising of mountain ridges or erogenic corrugation is directly 
opposed by gravity, and is accoraplishetl by independent forces in spite 

' Similarly it hn.s been conteiuled the accumulation of a massive ice-sheet on the 
laud woubl cause a depression of the terrestrial surface. N. S. Shaler. Proc. Boston JVicU. 
Hitt, SfK. -wii. p. 288. T. F. Jamieson, Quart. Jotirn. Oevi. Soc. 1882, and (ftol, Mag. 
1882, pp. 400, 526. Fisher, ‘ Physics of Earth's Crust,’ p. 223. 
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of gravitational resistance/’^ That there has always l>een the closest 
relation between upheaval and denudation on the one hand, and sulwid- 
ence and deposition on the other, is undoubtetlly true. Hut denudation 
has been one of the consequences of upheaval, and dejawition has been 
kept up only by continual suljsidenee.- Two obvious objections to this 
doctrine of “isostaay ” have been forcibly expressed by Mr. H. S. Woivl- 
ward. “ In a mathematical sense, thi.s tljcorv is in a less satisfactory 
state than the theory of contraction. As yet we am see only that 
isosUisy is an efficient aiuse if once set in motion, but how it is started, 
and to what extent it is adequate, remain to be determined. Moreover, 
isostasy does not seem to meet the requirements of geological continuity, 
for it tends rapidly towards stable ecjuilibnum, and the crust ought 
therefore to reach a state of repose early in geologic time. Hut tluTC is 
no evidence that such a state has been attained, and but little if any 
evidence of diminished activity in crustal movements during recent 
geologic time. Hence we infer that isostasy is competent only on the 
supposition tlmt it is kept in action by .some other cause tending constantly 
to disturb the equilibrium which wouM otherwi.se result. Such a cause 
is found in secular contraction, and it is not improbable that these two 
seemingly divergent theories are really supplementary.”'* 

We are concerned in the present part of this volume only with the 
surface features of the land in so far as they liaif on (piestions of geo- 
logical dynami('s. The history of these features will be more conveniently 
treated in Hook VH. after the structure and history of the crust have 
been de.scribed. Before (juitting the subject, however, we may observe 
that the larger terrestrial features, such ;v.s the great ocean basins, the 
lines of submarine ridge surmounted here and there by islands chiefly of 
volcanic materials, the continentjil ma.sses of land, and at least the cores 
of most great mountain chain.s, are in tlu* main of high antiipiity, stamjied 
as it wore from the earliest geologiad ages on the physiognomy of the 
globe, and that their present aspect h:is bi'cn the result not merely of 
original hypogene operations, but of htng-contuiued superficial action by 
the epigene forces described in Hook ill. Bait II.* 

‘ (r. K. (Ulbert, Jiiuni. h'fol. iii. {1S95), )>. aiitl JtuU. .‘vk-, xili. 

(1895), p, 31. TtiH frank mlnossion Uy on*- of tlie fijn-al iipItolilcrK of “ " in 

AniericfLis of valu*;, Mr. (:iM>ert that thoiiKli tlm j^ravily iii**.a.surfrin'iit»i 

proved that the “law of isoslwy ” *Io*'h not hold in tli*- of lar^e mountain chaniN, they 
nhowed that it must obtain in renanl to the fOe-iter fe.iture'* of rcliel. 

® Tile term “ laostasy,” to denote the e<judibriiitn <if the crust a<ljHHtinK itself to the 
effects of denudation on the one hand, lunl deposition on the other, a an hiTit propotM-d liy^ 
Caiitaiii Dutton in the paper on problems ol I’liysicul (JcoloKy <i(ed on p, .394. 

■'* “Mathematical Theories of the Eiirth ’ — Vice presidential Address to .Matln-mBtiial 
Section of the American Association for Ad\»iiu'tmrnt of N lenee,, Aujfust Ihsy. Siinfli.wni(i/i 
Rfjxnt for 1890, |). 196. 

* The antiquity of the continental elevatnms ami iK/eauic depressioun on the niirfai-e of 
the globe will !« further con.sidere*! in Hook VII 
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Section Iv. Hypogene Causes of Changes In the Texture, 
Structure, and Composition of Rocks. 

The phenoraerw of hypogene action considered in the foregoing pages 
relate almost wholly to the effects produced at the surface. It is evident, 
however, that the.se phenomena chiefly arise from movements within or 
beneath the earth’s crust, and must be acconjpanied by very considerable 
internal change.s in the nxiks which form that crust. We cannot, of 
course, witness any of these processes at work, and can only judge of 
their nature and results by their effects, which can be observed in the 
structure.^ of the rocks. These effects will be described in a later portion 
of this volume (Hook IV.), when the architecture of the crust is discussed. 
There is a cerUxin amount of inconvenience in treating the causes of the 
changes before the effects produced by them have been considered. But 
to pre.sorve the logical arrangement of the various de|)artments of geo- 
logical iiKpiiry, the subject is most fitly taken here a.s a branch of hypogene 
geological dynamics. The student, however, is referred forward to the 
different divisions of Book IV. in which the structures are described at 
length, of which the causes are dealt with in the present section. It may 
be enough to remark generally that the rocks, subjected to enormous 
pressure, have been contorted, crumpled, an<l folded back upon them- 
selves, as if thou.sands of feet of solid limestones, sandstones, and shales 
had been merely a few layers of carpet ; they have been shattered and 
fractured ; they have in some places been pushed far above their original 
jwsition, in others depressed far beneath it : so great has been the 
compression which they have undergone that they have been made to 
flow as plastic masses, while their comjxment particles have bemi re- 
arranged and even crystallrsed. They may here and there have been 
reduced to actual fusion. They have been abundantly invaded by molten 
rock from below, in dykes and veins and huge mas.se.s of every size and 
shape. Moreover, enormous quantities of lava have been poured out 
over the surface in all great regions of the globe smd in many successive 
geological periods from the earliest to the present, so that the crust of 
the earth has been 16 no inconsidemble extent Imilt up of material 
directly supplied from the heated interior. 

While these processes of subterranean change lie beyond our direct 
reach, and wo can only rciison regjirding them from the changes which 
we see them to have produced, a good number are of a kind which can 
in some measure be imitated in laboratories and fuinaces. It is not 
^requisite, therefore, to speculate wholly in the dark on this subject 
Since the early and classic researches of Sir .James Hall, great progress 
has been made in the investigation of hypi)gene processes by experiment. 
The conditions of nature have been imitated as closely as jKxssible, and 
varied in different ways, with the result of giving us an increasingly 
clear insight into the physics and chemistry of subterranean geological 
changes. The following pages are chiefly devoted to an illustration of 
the nature of hypogene action, in so far as that can be inferred from 
the results of actual experiment. The subject may be conveniently 
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treated under three heads: — 1, The effects of mere dry heat; 2, the 
influence of the co-operation of heated vi'ater; 3, the effects of com- 
pression, tension and fracture.* 

§ 1. Effects of Heat. 

The imp<jrtanoe of heat among the tninsforniations of rinks has 
l)een fully admitted by geologists, since it used to be the \vatch\ioi'il of 
the Huttonia!! or Vulcanist school at the end of last centurv. Throe 
80 urce.s of subtermnciin heat may have at ditferent times and in difl'erent 
degrees oo-o|)erated in the prixluction of hy|>ogene charjges - the original 
internal hcat.of the globe, the heat arising from chcinical changes within 
the crust or beneath it, and the heatduo to the transformation of mcthanical 
energy in the crumjiling, fracturing, and crushing of the rocks of the crust, 

Rise of Temperature by Subsidence. -As Mated aboM* (pp, 

390), the mere recession of locks from the surbicc owing to superposition 
of newer dcjiosits ujion them will cause the isogcothcrms to rise in other 
words, will raise the temperature of the ni.isses so willidniMii. This can 
Utke place, however, to but a limited extent, unless combined with such 
depression of the crust as to admit of thick sedimenUiiy formations. 
From the nite of inerement of temperature dowiiwaids it is obvious that, 
at no great depth, the rocks must be at the temjieralure of l>oiling wati'r, 
and that further down, but .still at a distance which, i datively to the earth’s 
radius, is small, they may reach and exceed the temperatures at which they 
would fuse at the surface. Mere descent to a depth of several tiiousand feet, 
howe\er, will not neces.sjirily result in any marked lithological change, as 
has bemi shown in tlie ea.ses of the No\a Scotian and South Welsh coal- 
fields, wliero sandstones, shales, days, and iml seams can lie proved to 
have lieeii once depre.s.sed 8000 or 10.000 feet below the s(*a levd, under 
an iiverlying ma.ss of rock, and yet to have suslaim’d no more serious 
alteration than the juirtial conversion of the coal into anthracite. 'Jo a 
still greater depth must the Penokee senes of I’le-eamlirian ns-ks in the 
liake Superior region have been depresseil. T’lu'.se nx-ks are themselves 
1 1,000 feet thick, and they w'ore once eo\eied by the Kewe.eriawari series, 
w'hich is estimated to have a thicknes.s of ft), 000 feel, so that some jiarte 
of the I’enokeo series may ha\c been bune<l under 04,000 feet, or more 

* Since the researches of Hall (7V«rt«. Hot/ .'v"’. iii. 171*0, p. v. 179S, 

p. 43 ; VI. 1812, p. 71 ; vii. 1H12, pp. 71*. 131*, l‘)9 . j.. p. :il4j «.« fucion, r^x k plica 
tion, aiul Hie nature and Wh.aviour of igneous io.k-, imu h ex.rllcnt wt.rk ha« Iwii atrom- 
plishod in expeninetita] geology. The hiljoura <d the late Professor Hauhree have Wen 
eiftecially fruitful. This distinguished cheniinl and geohtgwt devoted much tune to 
researches designed to illustrate exiH-nnientally Ih. pn»tevBc« of gcologj. Hi» nuiiienjUB 
important niernoira apjieared in the ..1 MtrtfK . i’ampteji reruiug iU I Armintue drx 

Scimcfs, Pant. Jiidlftin dc Ui ,'k)niU g(idogi>iuf d* Frame*', and other publications. Hut a 
few years before hw death he collected and republwhed them as ' Kludea ayntln tn^ue* de 
Oi?ologie expt’rimentaJe,’ 8vo, 1879- a storehouae of information Hie ailrnirahle menioira 
of Deleaae in the same joumaia should alar- be Mudied . likewme the ‘ Geolofpw-he iiiid 
geographlsche Expenniente’ of Professor E. Reyer (Leipzig, 1892-4). Professor btaiualaa 
Meunier baa publiahed a volume under the title of * Geologic experiroenlale, which ia 
mainly devotetl to the illustration of epigene proccase*. 
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than twelve miles, of rock. Yet the rocks have come up again to the 
surface comparatively unaltered, and still retaining the distinctly clastic 
characters of their sedimentary members, without the assumption of a 
crystalline or schistose structure.^ In these cases the rocks may have been 
kept for a long period exposed to a temperature at least as high as that 
of boiling water. Such a temperature would have been sufficient to set 
some degree of internal change in pnjgress, had any appreciable quantity 
of water been present ; whence the absence of alteration may perhaps be 
explicable on the supposition that these rocks were comparatively dry 
(p. 409), so as to be depressed and re-elevated without any serious 
internal movement. 

Rise of Temperature by Chemical Transformation. — To what extent 
this cause of internal heat may be operative, forms part of an obscure 
problem. But that the access of water from the surface, and the con- 
sequent hydration of previously anhydrous minerals, must produce local 
augmentation of temperature, cannot be doubted. The conversion of 
anhydrite into gypsum, which takes place rapidly in some mines, gives rise 
to an increase of volume of the substance (pj). 410, 45:1). Besides the 
remarkable manner in which the rock is torn asunder by minute clefts, 
crystals of bitter-spar and <|uartz are reduced to fragments.* The amount 
of heat evolved during this proce.s8 is ciipable of measurement. The 
conversion of limestone into dolomite, on the other hand, which involves 
a diminution of volume, may likewise be made the subject of similar 
experimental impiiry. Experiments with various kinds of rocks, such as 
clay-slate, clay and coal, show that when these substances are reduced 
to powder and mixed with water, they evolve heat.^ 

Rise of Temperature by Rock-crushing.— A further store of heat 
is provided by the internal crushing of rocks during tlie colhipse and 
re adjustment of the crust. The amount of heat so producetl has been 
made the subject of direct experiment. Daubr^e has shown that, by the 
mutual friction of its parts, firm brick-clay can be heated in three-quarters 
of an hour from a temperature of 18'^ to one of 40' C. (Oh' to 10 Y B'ahr.).'* 
He found likewise that two pieces of nnublc rapidly rubbed the one 
against the other developed an increase of 4 ‘5 C. in one minute. 

The most olal)orato and carefully conducted series of experiments yet 
made in this subject are those of Mallet, already (p. 352) cited. He 
subjected 16 varieties of stone (limestone, marble, porphyry, granite and 
slate), in cubes averaging rather less than 1 i inches in height, to pressures 
sufficient to crush them to fragments, and estimated the amount of 
i pressure required, ami t)f heat produced. The following examples may 
bo selected from his table ; ' — 

‘ C. R, Vftti Ihse, Jm Ann. r. S. <J. .S’. (1889), )>. 4.07. 

^ The microsoopic slructHre of the. etages In the conversion of anhyilritv into gypsum is 
dsscribeii by F. Hsminerschinnlt, Tseherw(tk'» Mineral. Mittheil. \. (1883), p. ‘272. 

* W. Skey, Chem. Xetes, xxx. p. 290. Tlie transformation of aragonite into ealcite has 
been shown by Favre ami Silbennann to give rise to a rclati\ely large di.sengageineut of heat. 
H. Le Chateller, Omjtt. rftui. (1893), p. 390. * ‘Geol. expcnmentale,’ p. 448 et .vq. 

» Fkil. Trans. 1873, p. 187. PkU. Mag. July 1875. 
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0 0234 
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.Slate, Conway I 
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0-07 
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Granite, Aberdeen . . | 
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Scotch fnrnac‘e-clav ((orphyry ' 

198^97 

0-088 

0-724 

Rowley Rag (basalt) . ; 

A 

213-23 
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Within the crust of the wtrth, tlierc :ire ahun(]H?it proofs of enorniouH 
stresses under which the rocks have been crushed The weight of rock 
involved in these movements h.us often lieen that of masses at least two 
or three miles thick. We can conceive that the heat thus generated may 
have been sufticient to promote many chemical and mineralogical ro- 
arrangements (esjiecially with the co-operation of water, postea, p, 409), 
ami, }Ui Mallet inainUined, may even ha\e )a‘en here and there, if sutfi- 
eiently rapid, enough for the actual fusion of the rocks l>y the crushing 
of which It was produced. 

Rise of Temperature by Intrusion of Erupted Rock - The great 
heat of lava, even when it has Howed out over the surface of the ejirth, 
has beem already referred to, and some examples have been given of iU 
eflect.'. (pp. 304, 300). Where il does not reach the surface, but is injected 
into subterranean rents and passages, it mu.st effect consideruble changes 
upon the rocks with Nsliich it comes in contact. That such intruded 
igneous rocks have .sometime.s melted down jiortions of the emst in their 
passage, can hardly be doubted. Jhit probably still more extensive 
change* may take place from the exceedingly slow rate of cooling of 
erujited masses, and the conseciuently \a.st period during which their 
heat is being conveyed through the adjacent nx’ks. Allusion will be 
imule in later [)ages to the observed amount of such “ contact-meta 
morphism.” (liook IV. Part VUI ^ 

Expansion — The extent to which icK-ks are dilated by heat has 
been measured with some precision for vaiious kinds of material, as 
shown in the subjoined table : — 
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f Adie. Tkiiix Iloy Soc. Ediv. 
t xin. I*. 306 
Ihvi 
Ibid, 

Ibid 

|Tolt«*n, Alltel. Juurv, Sei. 
\ xMi. n832j, 136.' 


* Knr adiiilioii.ai results si-e Mellard Ke.ule'i ‘Origin of Mountain Raogej’ (1886). p. 109. 
VOL. I 2 I) 
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According to these data, the expansion of ordinary rocks ranges from 
about 2'47 to 9* •* 63 millionths for T Tahr. Even ordinary daily and 
seasonal changes of temperature suffice to produce considerable super- 
ficial changes in rocks (see p. 434). The much higher temperatures to 
which rocks are exposed by subsidence within the earth’s crust must 
have far, greater effects. Some experiments by Pfaff in heating from an 
ordinary temperature up to a red heat, or about 1180° C., small columns 
of granite from the Fichtelgebirge, red porphyry from the Tyrol, and 
liHsalt from Auvergne, gave the expansion of the granite as 0*016808, of 
the porphyry 0-012718, of the basalt 0’01199.^ The expansion and 
contraction of rocks by heating and cooling have been alre^y referred 
to as |X)88ible sources of upheaval and depression (pp. 392, 396). Mr. 
Mellard Heade concludes from his experiments that the mean coefficient 
of expansion for various classes of rocks may be taken as for 

each degree Fahr., which would be equivalent to an expansion of 2 7 7 
feet per nide for every 100' Fahr.'^ 

Crystallisation. — In the experiments of Sir James Hall, pounded 
chalk, hermetically enclosed in gun-barrels and exposed to the temperature 
of melting silver, was melted and partially crystallised, but still roUiined 
its carbonic acid. Chalk, similarly exposed, with the addition of a little 
water, was transformed to the state of marble.^ These experiments have 
been repeated by G. Rose, who produced by dry heat from lithographic 
lime.stone and chalk, fine-grained marble without melting. The dis- 
tinction of true marble is the independent crystalline condition of its com- 
ponent granules of calcite (Fig. 27). This structure, therefore, can be 
supcrimluced by heat under pressure. In nature, portions of limestone 
which ha\e been invaded by intrusive masses of igneous rock, have been 
converted into marble, the gradations from the unaltered into the altered 
rock being distinctly traceable, as will be shown in subsejjuent pages. 

Production of Prismatic Structure. — The long-continued high 
temperature of iron-furnaces has lieen observed, to have superinduced a 
prismatic or columnar structure upon the hearth stones, and on the sand 
in which these are bedded.* This fact is of interest in geology, seeing 
that sandstones and other rocks in contact with eruptive masses of igneous 
matter have at various depths below the surface assumed a similar internal 
arrangement (Book IV. Part VHI. § 1). 

Dry Fusion. — In an interesting series of experiments already cited, 
the illustrious De Saussure (1779) fused some of the rocks of Switzerland 
and France, and inferred from them, contrary to the opinion previously 
expressed by Desmarest,^ that basalt and lava have not been produced 
from granite but from hornstone (pierre de come), varieties of “ schorl,” 
calcareous clays, marls, and micaceous earths, and the cellular varieties 
from ilifferent kinds of slate.” He observed, however, that the artificial 

* /. /> O'. (•’. XXIV, p. -ion. ’•* ‘Origin of Mountain Raniaie.s’ p. 110. 

•* Tian.s. Hm/. .S>h\ Jvlnt. vi. (1805), pp. 101, 121. See note 2 on p. 403. 

* C. Cothr.nu', /W. Ihuiley Soc. in. p. .^4. 

.1/^w. Acml, Scifn 1771, p. 273. 

* De SaiKsurc, ‘ Voyage.s (tali', le^ Alpes,’ €«iit. 1808, tome i. p. 178. 
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products obtained by fusion were glassy and enameMike, and did not 
always recall volcanic rocks, though some exactly resembled porous lavas. 
Dolomieu (1788) also contended that as an artificially fused lava becomes 
a glass, and not a crystalline mass with crystals of easily fusible minerals, 
there must be some flux present in the original lava, and he supposed 
that this might be sulphur.^ 

Sir James Hall, about the year 1790, began an imjK)rtant investiga- 
tion, in which he succeeded in reducing various ancient and modern 
volcanic rocks to the condition of glass, and in restoring them, by slow 
cooling, to a stony condition in which distinct crystals (pmljahly pyioxcne, 
olivine, and.})erhaps ensUtito) were recognisiible.* Gregory Watt after- 
wards obtained similar results by fusing much larger quantities of the 
rocks. In more recent years, this methcjd of research has })een resumed 
and pursued with the much more efrccti\e a|)pliaiices of modern science*, 
notably by Mitacherlich, G, Rose, V Sjxintc Claire Deville, Dele.sse, 
I)aubr6e, Friedel, Sanisin, Foiuju^, Michel-L6vy, Doelk^r, Ilussalv, Vogt, 
Morozewicz and Schnuitz.^ It hjvs been experimentally proved tliat all 
rt>ck8 undergo molecular changes when ex|K)scd to high tcinj)erature ; that 
when the heat is sulliciently raised they become fluid ; that if the glass 
thus obtained is rapidly cooled it remains vitreous; and that, if allowed 
to cool slowly, a more or less distinct crystallisation sets in, the glass is 
devitrified, and a lithoid product is the result. 

A glass is an aTnorj>hous substance resulting from fusion, perfectly 
isotropic in its action on transmitted polarised light (p. 147). Its specific 
gravity is rather lower than that of the .siune substance in the crystallised 
condition. By being allowed to cool slowly, or being kept for some houni 
at a heat which softens it, glass assumes a dull, porcelain- like aspect, This 
devitrification possesses much interest to the geologist, seeing that many 
volcanic rocks, as has been already described (p.* 148), present the char- 
acters of devitrified glasses. As we have seen, it consists in the appear- 

' ‘llfs |K)uce«,’ p .S et st-q At U-injxTat'ins Utween 2000'* ami 3000' C., varioni 
itieUllic oxides are fuHcd and crystallise. H. Moiasan, Cumpt. rend. cxv. (1892), p. 1034. 

Trans. Roy. Si>c. Kdvi. v. p. 43. He thus found the explanation of a alrurture which 
hf* had ob»er>’ed in the dykeii that traverse the crater-wall of Hontina, wlicre their outer 
niargma were in some cases vitreous, while the interior preaented the ufiual Iithold character. 
He now aaw that the gla^ay part had l>een rapnlly dulled and conM/>lidate,d by coming in 
contact with the cold walls of the hstures in the i one The actual products obtained by 
Hall in Ins expenmeuta ha\e been inicioHcopicallj ix.imined by Kouque and MichcMa-vy, 
Onnpte^ rrnd. May 1881. For re]>etitionH of hi.‘» fiision of limestone see op. n(. cxv. (1892), 
pp. 817, 934, 1009, 1296. 4 

^ From this abundant literature the following relereii* es are !«eiected . — Fihiel and ISaraaiu, 
Ruli. Rite. Mtn. France^ in (1879), pp. 113, 168; Kouque and Micbel-L<^vy, ‘ Synthese dai 
Miiuranx et dea Roches’; K. von Chmstachoff, Rail. Acud Imp, St. Fittrstmvrg, xilL 
(1890), p. 181 ; Milaiiges Acad. St. Fftershourff, 1892, p. 147 ; Doelter and Uuaiali, 
Ncues Jahrb. 1884, pp. 18, 158 ; A. Becker, Z. h. (/. (i. xxx\ii. (1885), p. 10 ; J. H. Vogt, 
Zeitsch. prakl. Oeol. No. 1, 4, 7 (1893) ; J. Moroiewicz, op.cU. xxiv. (1895), p. 281 ; Ifeua 
Jahrb. 1893, li. p. 43 ; Tschermak’s Mtttkeil. xvlii (1898), pp. 1-90, 105-240 (theie laat 
remarkably interesting papers have an additional value from the historical iiunmary.of 
previous research which they give). 
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ance of minute crystallites, and other imperfect or rudimentary crystal- 
line forms, accompanied with an increase of density and diminution of 
volume. It must be regarded as an intermediate stage between the per- 
fectly glassy and the crystalline conditions. Rocks exposed to tempera- 
tures as high as their melting-points fuse into glass which, in the great 
majority of cases, is of a bottle-green or black colour, the depth of the 
tint depending mainly on the proportion of iron. In this respect they 
resemble the natural glasses — pitchstones and obsidians. Microscopic 
investigation of such artificially fused rocks shows that, even in what seems 
to be a tolerably homogeneous glass, there are abundant minute hair-like, 
feathered, needle-shaped or irregularly aggregated bodies diffused through 
the glassy paste. These crystallites, in some cases colourless, in others 
opaque, metallic oxides, particularly oxides of iron, resemble the crystal- 
lites observed in many volcanic rocks (p. 148). They may be obtained 
even from the fusion of a granitic or granitoid rock, as in the well-known 
case of the Mount Sorrel syenite near Leicester, which, being fused and 
slowly cooled, yielded to Mr. Sorby abundant crystallites, including 
exquisitely grou{)ed octohcdra of magnetite.^ 

According to the observations of Deles.se, volcanic rocks, when reduced to a molten 
condition, attack briskly the sides of the Hessian crucibles in winch they are contained, 
and even eat them through. This is an interesting fact, for it helps to explain how 
some intrusive igneous rocks have come to occupy positions previously hlled by 
sedimentary strata, and why, under such circumstances, the composition of the same 
raas-s of rock should bo found to vary considerably from place to place.''* 

A series of elaborate and successful experiments regarding the fusion of igneous 
rocks has been made by MM. Fomjue and Michel-Lt‘vy. Those observers, by mixing 
the chemical elements, and, in other cases, the mineralogical constituents, of certain 
minerals and rocks, and fusing these in platinum crucibles in a gas-furnace, have been 
able to produce both rock foiniing minerals, such as several fcls^iars, augite, leucito, 
nepheline, and garnet, and also rocks possessing the composition and microscopic 
structure of augite -andesites, leucite-tephritea, and truo basalts. By rapid cooling, 
they obtained an isotropic glassi, often full of bubbles, and varying in colour vuth the 
nature of the mixture from which it wa.s formed. Where the mixture contains the 
elements of pyro.xene, onstatite, or mehlitc, it must be cooled very rapidly to prevent 
those minerals from partially ciystallising out of the gl,is.s. Ncpbcliiie also cry.stalli8e8 


' Zirkel, Mik, Bmh, p. 92 ; Soiby, A'Mress (.tool. Sect Hrit. Assoc. 1880. On the 
microscopic structure of slags, etc., .see \ ogel.sang's ‘ Krystalhteii,' and an interesting 
account by M. Cb. Velnm of gbesses obtained from the tire at the Odi’on, Paris, in 1850, 
and from the fusion ot the aslie'' of grasse.'', B. S. O. f. xiii, (1886), p. 297. 

* liuU, Soc. France, 2nd ser. iv. 1382 ; see also Trans. £din. Roy, Soc. xxix. p. 

4^2. Mornzewicz found tin* sumo difficulty id vJipennieiiting with iiiiich larger quantities of 
material, the clay crucibles, of a gla.s8 work being attacked by the molten solution. Tschermak’s 
Mitthfil. xviii. (1899), p. 18. In the experiment* t.y Doelter and Hus-sak no change viaa 
observed in the iwcelain crucibles in which basalt, andesite and phonohte were melted. 
Seats JoJu-fi, 1884, p. 19. Bisebof ba.M described a serie.s of ex^iennients on the fusion of 
JavAs with di^erent proportions of clsy-slate. He found that the lava of Niedemendig, 
kept an hour in a bellows-furnace, was reduced to a black glassy substance without pores, 
and that a similar product was obtaineii even after 30 per cent of clay-slate had been added 
and the whole had been kept for two hours in the furnace. ' C'hem. und Phys, Cleol.’ supp. 

(1871). p. W. 
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ewily. Tlie felspars, on t)ie otbor hand, pass much more slowly from the viscous to 
the crystalline condition. In these ex(H‘nmeiits, use was made of the law that the 
fusion-temperature of a crystallised silicate is usually higher thah that of the same 
substance in the glassy state. Hence if such a gliisa ho kept suflSciently long at a 
temperature slightly higher than that at which it KoftciiN the most favourable couditiona 
are obtained for the production of molc^'uUr arrangements and the formation of those 
crystalline bodies which can .solidify in the midst of a viscous magma. The limits of 
temperature for the pHnluction of a given minoral must thus lx? coiiipriseil within the 
narrow range Iwtween tlie fusion [Mjint of the mineral ami that of its gloss. Hy 
varying the temperature in the ex[>er»ment8, distinct miiicials can be obtained from 
the same magma. Minerals .sucli as olivine, leucitc. and fclsj^ar, which solidify at 
higher tfliuperatiiros than the others, apjiear first, and tlie later foinis aro moulded 
round them. Thus an artificial banalt, like a natural one, always .shows that if • 
olivuic has crystallised first, fry providing facilities for the cryaUlli>4alion of the 
minerals in the inverse order of their fusibilities, Ibc ebaracters of nutnraily formed 
crystalline rooks can thus ho aitilioially produced by simple igneoti.s fusion. 

Certain wcll-kiiuHU facts which appear to militate against the principle of these 
exporiment.s liave been successively explained by MM. Komim'> and Miehel • Levy 
Some minerals, vciy didiciilt to fu.ae. eontain ciystals of others which are easily fusible, 
as if the latter liad eiystalhsed fust, as in the case of pyroxene enelo.sed within leiicite 
Hut in reality tlie pyroxene lus slowly » i VNtallised out (»f inelusioiis of the surrounding 
glass whii'h were caught up ui the leucite Wheie the same silicates are found to 
have crystallised first in huge and siibseijnently lu smaller foiins, they may leveiil 
stages in the gradual cooling mid < onsohdation of the mass, one .set of ciystals. for 
example, being formed in a lava vxhile still within the vent of a vidcano, and another 
(iurmg the more rapid cooling aftei expulsion from the vent. 

The rocks ohtaiiied artificially hy these ob.snve.rs arc tliiis (lassc<] Ity lliem • -1. 
Andesites and andesitic ]»orphviites - fiom tlie fusion of a mixture of foui jsuts of 
oligo<'laHC and one of augite 2 . L.ihradoriles and labrailorio jiorpliyriteH — from the 
fusion of tliree paits of labrador and one of augite .'t. A microlitic imk foinied of 
jiyroxciie ami HTiortliite. 4 Hasalts and lahradoric melajdiyres from the fusion of a 
mixture of fiix parts of olivine, two of augite and six of labrador. 5. NepheliiiitCN ~ 
from the fusion of a mixluie of three parts of neph' liiie and 1 ’d of augi'e, d Leucitilea 
— from tlie fusion of nine jKiits of leii. ite .tml one of 'uigite. 7. Leucile tephiite- from 
the fusion of a mixluie of silica, alumina, potash, s<»da. magncsi.-i, hme, and oxnlo 
of iron, representing one jmit of augit|| font of lahiadiir. and eight of leiicite. .v 
Lherzohte. t». Meteorites without felspar 10 Metcoiilis with felsjiar. 11. Iliahasen 
mid dolentes with ojdiitie stru'dure In these arlifnially pioduced compounds the 
most complete lesenildmn e to matiiral locks wss ii!isei\<(l, down even to the miiiiitiii* 
of microscopic stiuctuie The (lystala ,ind run rr)lites ranged 1li<‘niselve« <‘viictly as in 
natural rocks, with the same liisiriluition of vitieous h.is" and vitreous imluHiona It 
IS thu.s dcnionstraud that a lock like iM-.tlt nia> he piodmed in natiiie iii the diy 
w.iy, by a process entirely igneous ‘ 

* See the v\ork of Messrs I'ou<pi< and Mnhel 1/vy, ‘S\nth>s« (h s .Mimriiux et*k*a 
Roches,’ Ik, so from wlmh the .ihove digral of lh*ir iesi«r<h<.s i« mken Since Ihu 
]>ar.»gTaph was wuttun 1 lind Uit* <•! Ihuiik stiowii lo M. Mn hel-Lt v y the 

original sltdes pr«pare<l from the \irreUictH ohtiinied hy him and M Kompje, and 1 (iin 
entirely corrol»orate the resulU at which the«; observers have arrive<l. llieyhave KUtieeded 
in iinilating all the cs-sential features of wich ro<‘ks as basalt, down even into minute 
microscopic details, Tliey have prraluce<l rocks, not only showing microlitic forms, but 
with crystals of the const itnent minerals as definitely formed ax in any natural lava. 
Indee<l, it would be hardly possible to disliuguisli between one of their artifiejil products 
and many tnie lavas. 
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Another ■eries of experiments w&a subsequently carried on by Messrs. Doelter and 
Hussak of Gratz, to determine the effect of immersing various minerals in molten basalt, 
andesite, or phonolite. Among the results obtained by them are the production of a 
granular structure (“corrosion border") in pyroxene and hornblende, especially on the 
exterior, as may be observed in the honiblende of recent eruptive rocks ; the conversion 
of a hornblende crystal, which still retains its form, into an aggregate of augite prisms 
and magnetite, os observed also in some basalts ; the conversion of garnet into various 
other minerals, such as meionite, inelilite, anorthite, lime-olivine, lime nepheline, 
specular iron, and spinel, the ganiet itself never re-appearing in the molten magma.^ 

Detailed experiments on the artificial ]»roduction of minerals and rocks by fusion 
were carried on by M. J. Morozewicz in Warsaw, from the end of the year 1891 to the 
beginning of 1897.® Employing a Siemens gas-furnace, as used for gl^s-making, he 
obtained a temperature of ISOO” C., and was able to conduct the operations on a con- 
siderable scale, sometimes melting more than 100 pounds, of material in the same 
crucible. After complete fusion the product was usually allowed slowly to cool and 
crystallise for a week or two, exceptionally for two months and a lialf. Besides obtaining 
thirty-four distinct minerals, ho has succeeded in producing the following rocks — 
liparite, basalt- obsidian, enstatite - basalt, magma - basalt, augitite, mehlite - basalt, 
hauynopbyre, hauyn-basalt, cordicrite-andesite, 8jMnol-ba.«alt, felspar basalt, nepheline- 
basalt, corundiim-nephelinite, and an anorthite-nephelin comjwimd containing corundum. 
Not less successful were the ex[)erimonts in reproducing some of the distinctive structures 
of volcanic rocks. Among these, spherulitio, intersertal - glassy, microporphyntic, 
hyalopilitic, ophitic, and trachytic were observed, and the conditions in whicli they 
were respectively developed. Thus the spherulitic structure was obtained by 8Uj>€r- 
saturating the compouml with any one of its constituents and by rapid cooling. For 
the porphyritic structure also a high supersaturation is necessary, but with a slow 
crystallisation. The intersertal - glassy struoturo defionds mainly upon a rapid 
crystallisation as the result of a quick lowering of the temperature. If some fused 
masses are long exposed to a lower temperature (500' (’ or (lOO C.). a granular structure 
is produced without a glu8.sy ba.se, but with rounde<i secretions, while the same magma 
at a higher temi>crature gives a inicrojiorphyritic structure. The fii.sions rich in 
alkali were usually found to give a glassy or iiitersertal-glassy .stiucture ; those rich in 
alkaline earths, on the other hand, were marked by tlicir Ingh capacity for crystallising. 
Thus the structure obtained in those experiments apj)ears to be mainly the result of 
external conditions of crystallisation and of the chemical comjwsition of the substance, 
both qualitatively and quantitatively. 

M. Morozewicz concludes that the order of seiwration of the minerals from the 
molten magma princiiwlly deiwnds on the relation between the quantities of the 
coin|>ouiid8 present in the material. The same compound may, under identical 
conditions, separate out earlier or later in another form according to its quantity. 
Another obviously important condition is the solubility of the substance in the magma ; 
the smaller the solubility, the greater will, of course, be the readiness of the substance 
to soi>arate out. Tenqwrature likewise plays an essential part in this separation of 
some compounds. Magnetite, for example, appears with difficulty to saturate a 
Vagina at a higher tem{H!rature than 1000" C. ; anorthite crystallises more easily at 
1000'* and above, than about 700’. 

Among the observations which have special interest in regard to their bearing on 
the history of eruptive rocks, is one regarding the influence of specific gravity in 
effecting to some extent a separation of the constituents of a magma. A mass weighing 
100 lbs., and consisting mainly of an alkali-augite, presented a sharp difference between 
the density of its upper and that of its under part The upper, with a specific gravity 
of 2 6^4, contained no magnetite ; while in the lower, with a specific gravity of 2*996, 

* Jahrb. 1884, pp. 18, 158. * See his papers cited on p. 403. 
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that mineral had accumulated in large quantity. It ia. Hkewiac, a familiar fact at the 
glaaa works, that towarda the bottoma of the cruciblea the aurplua lime aocuroulatea 
and leads to devitrification by the development of wollHstonite and dto{wlda.* 

It was long ago maintained by ^die de Ileauinont that in the crystal haation of rocks 
certain gaseous constituents were present, such as tiuorine, phosphorus, and iKXtm. and 
playetl a large part in the development of the component minerals, and the production 
of the crystalline structure.* lie named these substances “agents mimralihatcuis,'' 
and his views regarding their influence have lieeii confirmed hy subsequent Pi{w'rinient '* 
Thus K. B. Sclnnulz melted a series of basic and acid mcks with definite (piHiitities 
of chlorides of magnesium, sodium, calcium, and aluminium, fluorides of sralium, 
potassium and calcium, potassium tungstate, etc. He found that the'.c substances 
lower the melting-point of the rocks or aid in the cr) stall isat ion of tlie constituent 
minerals, or even promote the formation of other minerals than those of the original 
rocks. The highly basic rocks can lui more or less easily melted witlumt the help of 
these reagents, but in the case of the more acid rocks exp«riiuciite<l upon the udilition 
of these Hubstauccs was indisjuMisable. It may W added that while in the glass of the 
cooled melted basic rocks most of tlie minerals had been reproduced and a product bad 
l>eeii obtained comparable to known basic roi'ka, in no case were the struclure and 
mineral oompsition of the acid rocks imitated. Usually the result was a dark obsidian 
like glass. The gneiss-granite of Ccslak. however, fused with Sfalium chloride and 
potassium-tungstate, gave a more crystalline product containing only a little glass ; hut 
instead of the original mineralH- • quart/, alhite, ortlioehibe, mica, ajmtitc, hornblende, 
zircon, tourmaline and magnetite- those now ohtaimd con.sisted of felapiirh, inloi- 
mediate between allntc and acid ohgoclase, oitlioclase, augite resembling diopsidc, ami 
hexagonal plates of tridyrmte. The ro<‘k rcscmhle«l an augite-trachyte.^ 

In the experiments earned on by M. Moro/ewicz a (|uaiititY of granite weighing 
about 2 lbs. from the Tatragebirgc was melted After five days a hlack gla-ssy iiihhs was 
obtained, in the upper part of which, still unmcllcil, white, (lacked gtains of ijuart/, 
[lartially cluinged into tndyniite, were noticed, A^fiich, hemg lighter than the glass, had 
come to tlie top, the lower portion of the mass m maining (juite fn-e of them, Tlie 
glass had so uniform a colour and asj>ect that its 'ompr-.sition might have lieen exjxicted 
to be' the same tliroughoiit the whole mass But h(» far from this was the case, that 
while the specific gravity (at 22 U.) of the original gianite was 2 7 Id, that of tlie lower 
f»art of tlie glass was 2 484, while that of the upper pait was 2'2384. The uliirnina, 
iron-oxide, and alkaline earth were more abundant in the lowei, wliile the silica was 
considerably greater in the iip|)er. 

In fine, while ex|)criment has shown that certain eruptive rfsks of the basic order, 
such as b.iaalt.s ami augite ande.sites, may be produced by mere dry fusion, the acid rocks 
present diflicultics which have os yet proved )nsujK*rable in the laboratory. It ban bean 
hitherto found imjiossible to reproduce by simple igneous fusion nnks with iinarlr, 
orthoolasa, white mica, black mica, and Biiifdiibole We may tliercforc infer that 
these rocks have been produced in some (»tbcr way than by dry igneous fusion The 
acid rock*, UTminating in granite, form a remarkable aeries, regarding the origin of 
which our knowledge is still meagre. 

* To some of the questions here alluded t(t fuller reference will Isj inaide in lt<x)k IV , 
when the subject of the differentiation of iguwms magmas is under consideration. 

* “Sur les Emanations volcaniques et inetallUdes," Huil. .Sor. r/AV. flatter, u. (IHtff). 
This admirable aad exhaustive inemoir, one of the peaU-st inonumenU of Eiiede Beaumont’s 
genius, should be coiuulte<l by the student, fice alw> D« l^apjMiient (Bull. Srtc. Hiol. Francr, 
xviL (1889), p. 282) on the part played by mineralising agenU in the formation of eruptive 
rocks. 

* Partinilarly by Fouqu*'* and Michel- I>-vy and by P Hautefeuille, Compt. rend. xc. 

(1880), p. 130 ; civ. (1887), p. 508. * Naira Jahrh. 1897, li. pp. 124-155. 
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Contraction of Rocks In passing from a Glassy to a Stony state. 

Reference liaa been rna<le in the foregoing pages to the expansion of rocks 
by heat and their contraction on cooling ; likewise to the difference 
betwe»^n their volume in the molten and in the solid state. It would 
appear that the diriiinution in density, as rocks pass from a crystalline 
into a vitreous condition, is, on the whole, greater the more silica and 
alkali are preserjt, and is less as the proportion of iron, lime and alumina 
increases. According to Dele.sse, granite.s, qiiartziferous porphyries, and 
such highly silicatod rocks lose from 8 to 1 1 per cent of their density 
when they are reduced to the condition of glass, basalts lose from 3 to 5 
per cent, and lavas, including the vitreous varieties, from 0 to* 4 per cent.- 
More recently, Mallet observed that plate-glass (taken as representative 
of acid or siliceous rocks) in passing from the liquid condition into solid 
glass, contracts I'SO j>er cent, 100 parts of the molten liquid measuring 
98-4 1 when solidified ; while iron slag (having a composition not unlike 
that of many basic igneous rocks) contracLs 07 ]wr cent, 100 jiiirts of 
the molten mass measuring 93 ‘3 when cold.'^ Probably the most accurate 
determinations in this subject yet made are those earned out by C. Barns 
at the suggestion of the late Clarence King. He used diabase (a;dc, p. 79) 
having a mean density of 3*0178, and in a series of experiments reduced 
it to the condition of obsidian by fusing it in crucibles of clay and of 
platinum. He found that the glass .solidifies at a temperature of 
1095'^ C., and that the contraction on solidification may be estimated at 
3 per cent. The density of the cooled glass jiroved to be 2 717, thus 
showing a volume increment of 10 jier cent.^ By the contraction due 
to such changes in the internal condition of subterranean masses of molten 
rock, minor oscillations of level of the surface may bo accounted for. 
Thus, the vitreous solidification of a molten mass of siliceous rock 1000 
feet thick might cause a subsidence of about 16 feet; while, if the rock 
were basic, the {fhiount of subsidence might be 67 feet. 

Sublimation. — It has long been known that many mineral substances 
can bo obtained in a crystalline form from the conden.sation of vapours 
(pp. 269, 313). This process, called Sublimation, may be the result of 
the mere cooling and re-appearance of boilie.s which have been vaporised 
by heat and solidify on cooling, or of the solution of these Ixidies in other 

' C-onlrnry to tli« general opinion owl the results oliljunod by other Prof. 

F. Niess of Hoheiiheim came to the conclusion that rocks expaiul in snlidifioatiou. Piognim 
5wr 10 Jahm/eifr Akad. Wiirtemberg, Stuttgart, 1SS9, cited by Bams in the pajKjr 
quoted below. 

• ^ Hull, .Soc. Idiol. Francf, 1847, p. 1390. Bischof had tlctcrrmncd the contraction of 
granite to be ns much a.s 25 per cent (Leonhard and Broun, JuhrlK 1841). The correctness 
of this determination waa disputed by D. Forbes {(Md. Mug. 1870, )>. 1), who found from 
bis own experiments that the amount of contraction must Iw much less. The values given 
by him were still much in excess of tho.so afterwards obtained with much care by Mallet. 
Compare 0. Fisher, ‘Physics of the Earth’s Crust,’ '2ud eilit. p. 45, and Barns as citeil 
below. 

* PhU. Tram, clxiii. pp. 201, 204 ; clxv. ; Pm\ Roy. Soc. xxii. j). 328. 

* “High Temperature Work in Igneous Fusion and Ebullition,” Bull. l\ B, (i. S. No. 
103 ( 1893 ). 
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vapours or gases, or of the reaction of different vapours uj>on each other. 
These oj^rations, of such common occurrence at volcanic vents, and in 
the crevices of recently eruptt‘d and still hot lava-stnyims, have been 
successfully imitated hy experiment. In the early researches of Sir 
James Hall on the effects of heat iiKHlified by compression, he obUiiiied 
by sublimation “ tran.sparent and well-defiiuHi crystals," lining the un- 
occupied portion of a hermetically sealtMi iron tube, in which he had 
jilaced and exposed to a high temperature some fr.igments of hmcstotu*.' 
Numerous experiments have been mud«* by Delesso, Haubroe, ami others 
in the prtxluction of minerals by sublimation. Thus, many of the metallic 
sulphides found in mineral veins have been prmluced by exjiosing to a 
comparatively low temperature (between that of laiiling water and a dull 
red heat) tubes conUining metjillic chlorides and sulphide of hyilrogen 
By varying the materials employed, corundum, quart/, ajiatite, and other 
minerals have been obtained. It is not ditlicull, therefore, to understand 
how, in the crevices of lava-streams and volcanic cones, as w'cll as in 
mineral veins, sulphides and oxkIcs of iron and other minerals may have 
been formed by the ascent of heated vapours. Siqu-rheated steam is 
endowed with a remarkable power of dissolving that intractable sul»stancc, 
silica ; artificially heated to the temperature of the melting point of cast- 
iron, steam rapi<Ily attacks .silica, and deposiU the mineral in snow-white 
crystals as it cools. Sublimation, how'cver, can hardly be conceived as 
having operated in the formation of rocks, save here and there in the 
infilling of open fissures. 

§ 2. Influence of Heated Water. 

In the geological contest fought at the beginning of last century 
between the Neptunists and the Plutonists, the two great battle-cries 
were, on the one side. Water, on the other, Fire. The jirogress of science 
since that time has .shown that each of the parties ha/1 some truth on its 
side, and had seized one aspect of the piohleins touching tlie origin of 
rocks. If suhterraneaii heat has jdayed a large part in the construction 
of the materials of the earth s crust, avmUt, on the other haml, has per 
formed a hardly Ic.ss important share of the task. 'J’liey have ofUm co- 
operate<l together, and in such a way that the n*sults must be regarded 
lus their joint achievement, wherein the resjKXlive share of ca/h can 
hardly be exactly ap}K»rtioned. In Part II. <»f tins book the chemical 
operation of infiltnititig water, at onlinary H'mpratiire.s at the suiface, 
and among rocks at limited depths, is desmbed. \\ e are here concerned 
mainly with the work done by wat<T when within the iriHuencc of 
subterranean heat, and the manner in which this work e/iii be cxjieri- 
mentally imitated. 

Presence of Water In all Rocks.-— fb'sidcs its combinations in 
hydrous minerals, water may exist in rocks either (1) retiiined interstiti- 

* Tram. Roy. ‘S<>r. Kdm. vi. p. 110. 

’ Tlie gt-ologi il luflHonre of waUr h.aH 1 k'«'|i treattU in a ina«t4T)y way by I>aul>n'*« in Ills 
work, 'Lei Eaux 8out4.*minc.s a rR}.f¥pje aain*lle,’ 2 voIh 1887; ai)«l ‘ U» Kaux HOut«r- 
raines am ^pcKpies annennK-s,' I lol. 18M7. 




410 


DYNAiaoAl. ksWoof 


BOOK m PART I 


ally among minute crevices, or (2) imprisoned within the microscopic 
cells of crystals. 

(1.) By numerous observations it has been proved that all rocks 
within the accessible portion of the earth’s crust contain interstitial 
water, or, as it is sometimes called, quarry-water (eau de carrihre). This 
is not chemically combined with their mineral constituents, but is merely 
retained in their pores. Most of it evaporates when the stone is taken 
out of the parent rock and freely exposed to the atmosphere. The 
absorbent powers of rocks very greatly, and chiefly in proportion to their 
degree of porosity. Gypsum absorbs from about 0 50 to T60 per cent 
of water by weight ; granite, about 0*37 per cent ; quartz from a vein in 
granite, 0'08 ; chalk, about 20*0] plastic clay, from 19*5 to 24*5. 
These amounts may bo increased by exhausting the air from the speci- 
mens and then immersing them in water.^ No mineral substance is 
strictly impervious to the passage of water. The well-known artificial 
colouring of agates proves that oven mineral substances, apparently the 
most homogeneous and impervious, can bo traversed by liquids. In the 
series of experiments al)Ove referred to (p. 354), Daiibr^e has illustrated 
the power possessed by water of penetrating rocks, in virtue of their 
porosity and capillarity, even against a considerable counter-pressure of 
vapour ; and, without denying the presence of original water, he concludes 
that the interstitial water of igneous rocks may all have been derived by 
descent from the surface. The masterly researches of Poiseuille have 
shown that the rate of flow of liquids through capillaries is augmented by 
heat. He proved that water at a temperature of 45" C. in such situations 
moves nearly three times faster than at a temperature of 0" C.- At the 
high temperatures under which the water must exist at some depth 
within the crust, its power of penetrating the capillary interstices of rocks 
must be increased to such a degree as to enable it to become a {)owerful 
geological agent. 

(2.) Keforence has already (p. 142) been made to the presence of 
minute cavities, containing water and various solutions, in the crystals of 
many rocks. The water thus imprisoned was obviously enclosed with 
its gases and saline solutions, at the time when these mitierals crystallised 
out of their parent magma. The quartz of granite is usually full of such 
water-vesicles. “A thousand millions,” says Mr. J. Clifton Ward, 
“ might eavsily bo contained within a cubic inch of quartz, and sometimes 
the contained water must make up at lejist 5 per cent of the whole 
volume of the containing quartz.” 

Solvent Power of Water among Rocks. — The presence of interstitial 
water must affect the chemical constitution of rocks. It is now well 
understood that there is probably no terrestrial substance which, under 
proper conditions, is not to some extent soluble in water. By an interest- 
ing series of experiments, made many years ago by W. B. and H. D. 

* S«e an interejiting paper by Delcsse, B. O. F, 2me si-r. lix. (1861-2), p. 65. 

• ContpUs rftidvA (1840), xi. p. 1048. PfaflF (* Allgemeine Gcologie,’ p. 141) concluded 
firom calculations sh to the relations between pressure aiul tension that water may descend 
to any depth in Assures and remain in a Auid .state even at high temperatures. 
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Rogers, it was ascertained that the ordinary mineral constituents of rocks 
could be dissolved to an appreciable .extent even by distilled water, and 
that the change was accelerated and augmented by the presence of 
carbonic acid.' Water, as pure as it ever occurs in a natural state, can 
hold in solution appreciable proportions of silica, alkaliferous silicatcis, 
and iron -oxide, even at ordinary temperatures. Tlie more presence, 
therefore, of water within the pores of subterranean rocks cannot but 
give rise to changes in the com|) 08 ition of those rticks. Some of the 
soluble materials must bo dissolveil, and, as the water evaporates, will he 
re-deposited in a new form. 

This Power increased by Heat. — The chemical action of water is 
marked at ordinary and even at low temperatures. M. Uicroix, for 
example, has described the formation of zeolites by snow water in the 
Pyrenees.' There can be no doubt, however, that the action is increasiMJ 
by heat. But a high tempcniture is not neceasarv for many im|x)rtant 
mineral re-arrangements. Daubri^e has proved that very mcxlenite boat, 
not more than 50'" C. (122'’ Fahr.) has sufticiMl for the pnxluction of 
zeolites in Koman bricks by the mineral waUTs of Plombi^rcs.*' Ho has 
experimenUlly demonstratexl the vast increase of cheniidvl activity of 
w’ater with augmentation of its tem|H'rature, by ex)K)sing a glass tube 
containing alxiut half its weight of water to a tein|>erature of alx^ut 400 
C. At the end of a week he found the tulxj .so (Uitirely changed into a 
white, opH(ju(‘, jxiwdery nutss, us to prc*sent not the least resemblance to 
glaas. The remaining water was highly chargc<l with an alkaline silicate 
containing 03 per cent of soda and 37 per cent of siliea, with traces of 
poUvsh and lime. The w’hite solid substance wjw ascertained t/o be 
coni[)o.sed almost entirely of crystalline tnaU‘rials, jwirtly in the form of 
minute perfectly limpid bi-pvnimidal crystals of <juartz, but chicHy of 
very small acK'ular prisms of woll.istorute. It was found, moreover, that 
the portion of the tulie which had not Ix'en directly in contact with the 
water w'as as much altered as the rest, w'hence it wiis inferred that, at 
those high km[>cratures and pres-surcs, the vapour of water acts chemically 
like the water itself. 

Co-operation of Pressure. — The •dFect of pressure must Ix) recognised 
as most im^rtiint in enabling water, es|M‘cially when heateil, U) dissolve 
and retain in solution a larger fpiaiitity of mineral matter than it could 

* .1 ntfr. Ji>urn. Sc\. (‘2), |t. 401. Tliih ih <*1_v lij l)aul>ri'e in 

\ol. li of the work citwl on j». 401‘. He nnimeratef. 4H eh-nn'iits wltirh haxe Ik-mi rlrti-tM 
in natural waters or in their di-jKisits Tin* alkalim* nM<t»on of m-iny nniirralK wlinh lh>.* 
brothers Rogers ohscrv’eil ha.** r«*cently Iw-eu mnr<* «*s|a*ciallj' t«'''1'*'l h\ F W. t,’liirk(% stnl ho*^ 
been quantitatively (Ictcnniinsl by (J. SU-iger, H I’. <‘*' <• No- i07, llKlO, jqi. iTjfi, l.Mb 
It appears that the artion of water is rapidly apjny< ub|r. and that at th(* • nd of a month tin* 
powdered minerals, consisting of common Kilicatcs, k«»pt in wat» r at a U-mja-ratnrt of 70 
Fahr. lost from 0*05 to O'.*)? p**r «ent of alkali****. 

^ Onnpt. untl. cum. (1S96), p. 761. 

* '(b^logie ex]H'rimentalc,’ p. 462. Tlie expenments of J. J. WstersUm to determine 
the expansion of water showed, as far back as 1863. that hard Oennari glass begins V, 
whiten and cloud l*clow . 300 ’ C., and becomes mottled with opaque pabhes. /'Ai/. Mag. 
xxvi. ( 1863 ), p. 119 . 
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Otherwise do,^ and also in preventing chemical changes which take place 
at once when the pressure is removed.^ In Daubr^e’s experiments above 
cited, the tubes were hermetically sealed and secured against fracture, so 
that the pressure of the greatly superheated vapour h^ full effect By 
this means, with alkaline water, he not only produced the two minerals 
above mentioned, but also felspar and diopside. 

The compressibility of water above 1 00" C., and its solvent action on 
gltws, have been recently investigated by C. Barus, who points out that as 
this action is accompanied by a contraction of the original bulk of silicate 
and water, it is presumably accompanied by an evolution of heat. 
“ Hence,’’ he remarks, “ if water at a temperature above 200^ and under 
a pressure sufficient to keep it Ii<piid, l)e so circumstanced that the heat 
produced cannot easily escape, the arrangement in question is virtually 
a furnace ; and since such conditions are necessarily met with in the 
upper layers of the earth’s crust, it follows that the observed thermal 
gradient (i.e. the increase of temiMjrature in depth below the earth’s 
surface) will bo steeper than a gradient which would result purely from 
the normal distribution of terrestrial heat. In other words, the observed 
rate of increase of temperature with <lepth is too largo, since it contains 
the effects of a chemical phenomenon superimposed upor\ the pure 
phenomenon of heat conduction.”^ 

Applying the results obuined by experinie?it to the co?jsideration of 
the crystalline rocks, wo recognise better the value of the inference already 
stated, that the liquid carbon-dioxide enclo.sed in the minute pores of many 
of those rocks, such as granite, indicates the high pressure under which these 
masses solidified. Besides the pressure due to their varying depth from 
the surface, the rocks must have been subject to the enormous expansion 
of the superheated water or vapour which filled all their cavities, and 
sometimes, also, to the compression resulting from the secular contraction 
of the globe and consequent corrugation of the cnist. Mr. Sorhy inferred 
that in many cases the pressure under which granite consolidated must 
have been equal to that of an overlying ma.ss of rock 50,000 feet or more 
(upwards of 9 miles) in thickness, while De la Vall(''e Poussin and Renard 
from other data deduced a pressure equal to 87 atmospheres (p. 145). 

Aquo-Igneous Fusion.— As far back as the year 1840, Scheerer 
observed that there exist in granite various minerals which could not 
have consolidated sjivc at a comparatively low temperature.* He 
instanced especially gadolinites, orthites, anil allanites, w'hich cannot 
endure a higher temperature than a dull-red heat without altering their 
• physical characters ; and he concluded that granite, though it may have 

* Sorby h<w shown that the solubility of all salts which e.xhibit contraction in solution 
is remarkably increased by pressure. /Vfir. /foy. Soc. (1862-63), p. 340. 

“ See Uilletet, .Yatur/orsch^, v. ; Pfaff, Xaifs Jahrb. 1871 ; W. Spring, Bull Acad. 
Roy. 2ud ser. xllx. (1880), p. 369. Pfaff found that plaster does not absorb water 

under a pressure of 40 atmospheres. 

* On the compressibility of liquids, B. V. S. (i. S. No. 92 (1892), p. 84. On the aqueous 
fusion of gla-ss, Jour. ^ki. xli. (1891), p. 110 ; Phil. Mag. xlrii. (1899), pp. 104, 461. 

* Bull. Soc. (iiol. Francff iv. p. 468. 



88CT. iv § 8 


AdifTMomous msioN 


413 


possessed a high temperature, cannot have solidified from simple igneotis 
fusion, but must have been a kind of pasty mass containing a cnnsideniblc 
proportion of water. It is common now to speak of the “ aijuo- igneous ” 
origin of some eruptive rocks, and to treat their protluction as a jwrt of 
what are termed the “ hydro-thermal ” operations of geolog}*. 

Scheerer, Elie de Beaumont, and Daubrt'e have shown how the 
presence of a comparatively small q\iantity of water in eruptive igneous 
rocks may have contributed to 8U8{)end their solidification, and to promote 
the crystallisation of their silicates at temperatures considerably below 
the point of fusion and in a succession different from their relative onler 
of fusibility. • In this way, the solidification of quartz in granite after the 
crystallisation of the silicates, which would be unintelligible on the sup 
position of mere dry fusion, becomes explicable. The water may be 
regarded as a kind of mother-liquor out of which the silicates crystallisi^ 
without reference to relative fusibility. 

The researches of the late Professor (JulhruMtii the influence of water 
in lowering the fusing points of \arious substiiiices have an important 
geological Ixyiring. He showerl that while the melUng point of nitix> by 
itself is 320 C., an admixture of only 114 j)er cent of water rc(luco<l 
the teniperaturo of fusion by 20 ', whde by increasing the projK^rtion of 
water to 20 07 ^ler cent he lowered the melting |)omt to 07 G . and he 
conclu(le«l that “the phenomenon of fusion is nothing moio than an 
extreme case of liquefaction by solution.” He could see, no reason why 
water should not exist even at the earth’s centre, for e\en granting that 
it luis a “critical temperature,” still, “ it high pressures it will he com- 
pressible as a vapour to a density at least as great as that of liquid water.” 
He concluded that “ water at a high teni)M‘rature may not only play the 
part of a solvent in the ordinary restricted sense, hut that there is in 
many cases no limit to its solvent faculty , in other words, that it may 
be niixahle with cerUin rocks m all piojKutions , that solution and 
mixture are continuous with one an(>thor, in some cases at teniporaturos 
not ahoye the teni|)erature of fusion of tliose hislies jhi s *." ‘ 

Professor Guthrie was disposed to douht whether the replenishment 
of water by capillary descent from the surface was necessary for the 
production of these phenomena of fusion and volcanic erujition. Professor 
Uauhriios experiments, however, enable us to see how the supply of 
water may lie kept up from superficial sources: while from those of Professor 
(iuthric we learn that when the descemling vater reaches masses of 
highly heated but still solid rock, it may allow them to j>ass inU) a fused 
condition and to exert a [Xiwerful expansive force on the overlying crust. • 
Artificial Production of Minerals. - As the result of ex[)eriments, 
both in the dry and moist way, vanous minerals have been produced in 
the crystalline form. Among the minerals successfully reproduced are 
quartz, tridymite, corundum, haematite, tiUiiiferous iron, magnetite, spinel, 
pleonaste, hercynite, zircon, emerald, ruby, hornblende, olivine, augite, 
enstatite, hypersthene, diopside, wollastonite, melanite, melilite, several 
felspars, leucite, nephcline, hauyne, nosean, sodalite, meionitc, fieUiIitc, 

* I*hiL May. xviii. (1884', p. 117. 
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Beveral zeolites, dioptase, rutile, brookite, anatase, perowskjte, spbene, 
calcite, aragonite, dolomite, witherite, siderite, cemsite, malachite, diaspore, 
vivianite, apatite, anhydrite, diamond, with many metallic ores.^ 

Artificial Alteration of Internal Structurea — Besides showing the 
solvent power of superheated water and vapour upon glass in illustration 
of what happens within the crust of the earth, Daubr^e’s experiments 
possess a high interest and suggestiveness in regard to the internal re* 
arrangements and new stnictures which water may superinduce upon 
rocks. Hermetically sealed glass tubes containing scarcely one-third of 
their weight of water, and exposed for several days to a temperature 
below an incipient red-heat, showed not only a thorough transformation 
of structure into a white, porous, kaolin-like substance, encrusted with 
innumerable bipyramidal crystals of quartz, like those of the drusy 
cavities of rocks, but had acquired a very distinct fibrous and even an 
eminently schistose structure. The glass was found to split readily into 
concentric laminse arrangexl in a general way }jarallel to the original 
surfaces of the tube, and so thin that ten of them could be counted in a 
breadth of a single millimetre. Kven where the glass, though attacked, 
reUiined its vitreous character, these fine zones appeared like the lines of 
an agate. The whole structure recalled that of some schistose and 
crystalline rocks. Treated with acid, the altered glass crumbled and 
permitted the isolation of cerUiin nearly opaque globules and of some 
minute transparent infmsible acicular crysUils or inicrolites, sometimes 
grouped in bundles and reacting on polarised light. Keduced to thin 
slices and examined under the microscope with a magnifying power of 
300 diameters, the altered glass presented: Ist, Spherulites, of a 
millimetre in radius, nearly opaque, yellowish, bristling with points 
which perhaps belong to a kind of crystallisation, and with an internal 
radiating fibrous structure (these resist the action of concentrated hydro- 
chloric acid, whence they cannot be a zeolite, but may bo a sub- 
stance like chalcedony) ; 2nd, innumerable colourless acicular microlites, 

‘ with a frequently stellate, more rarely soHUary distribution, resisting the 
action of acid like quartz or an anhydrous silicate ; 3rd, dark green 
crystals of pyroxene (diopside). Daubr4e satisfied himself that these en- 
closures did not pre-exist in the glass, but were developed in it during 
the process of alteration.* 

But beside the effects from increase of temperature and pressure, 
we have to take into account the fact that water in a natural state is 
never chemically pure. Rain, falling through the air, absorbs in par- 
%ticular oxygen and carbon-dioxide, and, filtering through the soil, abstracts 
more of this oxide as well as other results of decomjwsing organic 

* See the works of Daubn'e, Fouque, Michel-Iiovy, Morozewioz, ami others above cited. 

* '(Jl4ol. exp^rini.’ p. 168 et neq. The production of crystals and microlites in the 
devitrification of glass at comparatively low temiieratures by the action of water is of great 
interest. The first observer who de.scnbed the phenomenou ap}>ears to have been Brewster, 
who, in the second decade of last century, 8tudie<i the efl'ect upon i)olari$ed light of glass 
deooropoeeil by ordinary meteoric action. (Phtl. Trant. 1814 ; Trans. Ruy. Soc. Edin. xxii. 
(1860), p. 607. Sec on the weathering of rocks, posfea, p. 448 et seq.) 
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matter. It ia thua enabled to effect niimeroua decompositiona of aub- 
terranean rocks, even at ordinary temperatures and pi*easure8. But as it 
continues its underground journey, and obtains increasinl solvent jwwer, 
the very solutions it ukes up augment its capacity for effecting mineral 
trapsforraations. The influence of dissolved alkaline carbonaU^s in pro- 
moting the decomposition of many minerals was long ago pointed out by 
Bischof. In 1857 Sterry Hunt showed by experiments that water 
impregnated with these carbonates would, at a tempt>rature of not more 
than 212" Fahr., produce chemical reactions among the elements uf many 
sedimentary rocks, dissolving silica and generating various silicates.^ 
Daubrt^e like^'iso proved that in presena^ of dissolved alkaline silicates, 
at temperatures above 700° Fahr., various siliceous miiuTals, as »piarty., 
felspar, and pyroxene, could be crystalliswl, an<l that at this tempeniture 
the silicates would combine with kaolin t4» form felsjMir.- 

As alreadv HtaU*d, various “mincmliHing agents’' promote the crystal 
lisation of minerals. The presence of tluorine has Ik^ch jiroved experi- 
mentally to have a remarkable action m facilitating some piecipitates, 
es|X!ciallv tin-o.xidcs, as well as in <»tlier jMirls of the mechanism of 
mineral veins. ^ Illustrations of the important part probably played by 
this element in the crvhtalliH;ition «d some minerals and rocks wore 
obtained by Ste. C’laire Deville and Hautefeuille, who by the use of 
compounds of fluorine pnsluced such minerals as rutile, brookite, anatase 
and cornndnm in crystalline form.^ Flie de Beaumont inferred that the 
mineralising influence of fluorine hud been effective even in the erystallisa- 
tion of granite. He lielieveil that “ the volatile comiMUinil enclosiHl in 
granite, before its consolidation containe<l not only water, clilonne and 
sulphur, like the substance ilisengaged from cooling lavas, but also 
fluorine, phosphorus and Ihuou, whence it aeipiiretl much grmter activity 
and a capacity for acting on many Isslie.s on which the volatile matter 
contairiiMl in the lava.s of Ltna has but a comj^aratively insignificant 
action,’’^ We have seen alnne that in recent fusion experiments these 
minerali.sirig agents have been found eminently eflicaceous. 

^ II. Effects of Compres.sion, Tension, and Fracture. 

Among the geological rcvolutimis t<» which the crust of the earth 
has been subjected, its rocks have been in sonic jdaces jHnverfulIy com- 
pressed ; elsewhere they have undergone enomious tcn.sion, and almost 
everywhere they have l^eeri more or less rupturwl. Hence internal 
structures have been developed which were not originally present in the 
rocks. These structures will be more projierly coiisidercfl in lkiok IV. 
We are here concerned mainly with the nature and oja-ralion of the 
agencies by which they have been prcKluced. 

> M>Kj. *v, p. 68. 

» null. Sof,. Ftanrr, xv. (1885), p. 103. 

^ Kir»t ty Daubrw*, Ann drJi J/o*/.# (1841 ), 3irie w r. x\. [i 65. 

* ComfU. Ttnd. xlvi. p 764 (1858), xlvii p. hD ; IviL p. 618 (1865). Kouque »«d 
Michel- Levy, ‘Synth^w: ties Mmeraiu et <le* R<x:h«h.’ 

‘ B. S. 0. F. IV. (1846), p. 1*240. 
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The most obvious result of pressure upon rocks is consolidation, as 
where a mass of loose sand is gradually compacted into a more or less 
coherent stone, or where, with accompanying chemical changes, a layer 
of vegetation is compressed into peat, lignite or coal. The cohesion of 
a sedimentary rock may be due merely to the pressure of the super- 
incumbent strata, but some cementing material has usually contributed to 
bind the component particles together. Of these natural cements the 
most frequent are peroxide of iron, silica, and carbonate of lime. Moderate 
pressure equally distributed over a rock presenting everywhere nearly 
the same amount of resistance will promote consolidation, but may pro- 
duce no further internal change. Where the component particles are 
chiefly crystalline, pressure may induce a crystalline structure upon the 
whole mass, as recent experiments have shown.^ If, however, the pres- 
sure becomes extremely unetjual, or if the rock subjected to it can find 
escape from the strain in one or more directions, it may flow as a plastic 
mass, or may undergo shear in certain planes, or may be crumpled, or the 
limit of its rigidity may be passed and rupture may take place. Some 
consequences of these movements may bo briefly alluded to here in 
illustration of hypogene action in dynamical geology. 

(1) Minor Ruptures and Noises. — Among mountain-valleys, in rail- 
way tunnels through hilly regions, or elsewhere among rocks subjected 
to much lateral pressure, or where, owing to the removal of material by 
running water, and the consequent formation of cavities, subsidence is 
in progress, sounds as of explosions are occasionally heard. In many 
instances, these noises are the result of relief from great lateral compres- 
sion, the rocks having for ages been in a state of strain, from which as 
denudation advances, or as artificial excavations are made, they are 
relieved. This relief takes place, not always uniformly, but sometimes 
cumulatively by successive shocks or snaps. Mr, W. H. Niles of Boston 
has described a number of interesting cases where the effects of such 
expansion could bo seen in quarries ; largo blocks of rock being rent and 
crushed into fragments, and smaller pieces being even discharged with 
explosion into the air.- More recently Mr. A. Strahan has called atten- 
tion to the occurrence of slickensided surfaces in the lead-mines of Derby- 
shire which on being struck or even scratched with a miner’s pick break 
off with explosive violence, and he suggests that the spars and ores along 
those surfaces are in “ a state of molecular strain, rcsemblirig that of the 
Rupert’s Drop or of toughened glass, and that this condition of strain is 
the result of the earth movements which produced the slickensides.” ^ 

• If such is the state of strain in which some rocks exist even at the 
surface or at no groat distance beneath it, we can realise that at great 
depths, where escape from strain is for long periods impossible, and the 
compression of the masses must bo enormous, any sudden relief from this 
strain may well give rise to an earthquake-shock (p. 370). A continued 

* \V. Spring, BuU. Acad. Ray, Belg. 1880, p. 375. 

* Rm\ Boston Soc. Nat. lUh. xviii. (1876), p. 272. 

^ Ocol. Mag, 1887, p. 400, S«e also the same volume, pp. 511, 522, aiid Joxtrn. 
Sci. xli. (1891), p. 409. 



SECT, iv § 3 CONf^OLIDATION AND CLEAVACE OF EOCKS 


417 


condition of strain must also inriuence the solvent power of water per- 
meating the rocks (p. 411). 

(2) Consolidation and Welding. — That pressure eonsoliilates irn'ka 
is familiar knowledge. Loose sedimentary materials may hy mere pres- 
sure Ih} converted into more or less firm and hard masses. K.xperiments 
by W. Spring upon many substances in the state of juiwder have shown 
that under high pressure they become welded into .solid suljstancca 




hi;, 'll Ali'iilaifiiiM 1 hj St ciKiii iil .1 ■•iMiilitr Hix'k nOii<')i hM not 

Hi»i Iv 111 >vhirli Oil'll HU till*- ll.^^ U<'ii nioltr^uiu tlio iii<hJi(u ut uiu. MKKiiiniid 

'l>'\ 1 1 h|ic' 1 MiKi‘i>i'’'i (0.<>iii)«ii<‘ hi.; Jii'i) 


rndei a prcssuie of (1000 atmospheres, coal dust Incomes a liiilliant solid 
block, takijig the mould (d the cavity in winch it is placed, and thereby 
giving evuleme of plaslicitv. i'cat. in like manner, becomes a brilliant 
black substance in which all trace of the original strueture is gone.’ 

(.'!) Cleavage. - Over evten.sive tracts of country a jxiculiar Htructuro 
has been superinduced by jiowerful I.itcial prcNsure, especially upon fine- 
grained aigillaceous rock.s, which arc then termed slates. They split along 
a set of planes which, as a nilc, are highly im lmed or vertical, and inde- 
pendent of the original bedding. Examined more minutely, it i.s found that 
their component particles, which in rno.^it cases have a longer and shorter 



Fl^;. S'J — Curird yumt/ Kook traur-w-d In M'ltiral and hi^dilv lur-liu'd Olniuiiji* s,,iilli .stunl. 
Liglitlioiiiu', {ll ) 

axis, have grouped themselve.s with their long axes geneially in one com 
moil direction, and parallel with the planes of lissility. An ordinary shale 
may present under the microscojx; such a sti ucture as is Mhowri in Fig. 
81. But where it has undergone the change here referred to, it has 
acquired the strueture repre.^ieuted in Fig. HO. Rocks which, having Wen 
thus acted on, have acquire<l this superinduced fis.^ility, are said to be 

* liii!/. Hnif lUlff. 1880, |t. '{25; ami p. }S2. 
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cleaved, and the fisaile structure is termed cleavage. In Fig. 82, for 
example, where the strata, at first in even parallel beds, have been sub- 
jected to great compression from the directions (a) and (b), the original 
plaiies of stratification are represented by wavy lines, and the new system 
of cleavage-planes by fine upright lines. The fineness of the cleavage 
depends in large measure upon the texture of the original rock. Sand- 
stones, consisting as they do of rounded obdurate <|uartz-grains, take 
either a very rude cleavage (or jointing) or none at all. Fine-grained 
argillaceous rocks, composed of minute particles or flakes, that can adjust 
their long axes in a new direction, are those in which the structure is best 
developed. Even a com[)act homogeneous rock, such as a “ felsite,” may 
acquire a perfect cleavage structure. In a .series of cleavetl rocks, there- 
fore, cleavage may be perfect in argillaceous beds (b h. Figs. 83 and 84), 



of ('lea\a«i’ u|)oii llic unnii of tht* lock (/.' ) 

and imperfect or absent in interstratified bed.s of sandstone {a a, Fig. 83) 
or of limestone (as at (3onea Castle, Waterford, a a, Fig. 84). 

That a cloiivage may be produced in a mechanical way b\' lateral pres- 
sure has been proved experimentally by Sorby, who eft’ected perfect 
cleavage in pipeclay through which scales of oxide of iron had previously 
been mixed. ^ Tyndall superinduced cleavage on beeswax and other sub- 
stances by subjecting them to severe pressure. More recently, Fisher 
has proposed the view that in nature it is not to the pressure which 
plicated the rocks that cleavage is to be attributed, but to the shearing 
movements generated in large masses of rock left in a position too lofty 
for equilibrium.' If such, however, had been the origin of the structure, 
it is difficult to understand why there should be such a prevalent relation 

* Uopkius, Cajubrtdge Phil. TtanJi. viii. (1847), p. 465. D. Sliarpe, J. 1>. S. lu. (1846), 
p. 74 ; V. (1848), p. 111. Sorby, Edin. New Phil. Jvuni. Iv. (1853), p. 137. J. Tyudall. 
Phil. Mag. xii. (1856), p. 35. W. King, Pag. Irish .ivad. x\\, (1875), p. 605. The student 
will hud intere.sting additions to our knowledge of the microscopic .structure and the history 
of cleaved rocks m Mr, Sorby’s address, Q. J. G. & sxxvi. p. 72, and in Mr. Marker’s able 
essay, Brit. Assoc. 1885, Reports, pp. 813-852. Seo also A. Danbr^, 'Geol. Experimentale,’ 
pp. 891-482. E. Jaunettaz, B. & O. F. ix. (1881), p. 196; xi. (1884), p. 211. O. F. 
Becker, Bull. Oeol. Soc. Amcr. iv. (1893), p. 18. C. R. Van Hise, Journ. Oeol. iv. (1896), 
p. 449. * Oeol, Mug. 1884, p. 396. 
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between the strike and the cleavage ; for if descent by gmviution were the 
main cause, we should expect to find the rocks sheared far more irregu- 
larly than even the most irregular disposition of cleavage. Tint in 
cleavage there has been a true distortion (»f the roek^ is indnbitiible ; and 
the amount of distortion may be ascertained by the extent t)f tiie altera 
tion of shape of fossils (Figs. 85 vSS) Microscopic study of cb'aved 
.rocks shows that their fissility is not due merely to a re arrangement of 
original clastic particles, but, }>erhap> in lai gest measure, Ik) t in* de\eloj)- 
ment of new minerals, partieularly \anetios «»t’ mi«-a, along the planes of 
cleavage. This relation is well seen in the folded and elea\ed Desonian 
and Carbon fferou-s rocks of S.W. Ireland and Cornwall, in the Caihoiii- 
ferous shales of Lival, Mayenne, ainl in the dnrassie and Faieeiie shales of 
the Alps.' flilst a.s shales graduate mlo tnu* clea\ed slates, so slates )»v 
augmentation of their snperindueed miea pass into jihyllites. and these 
into mica schists. The stiucture of distriet^ unb cleaved na ks is deseiilx'd 
in Ikjok IV. Part V. p. (>84. 

(4) Deformation. In the upper pan of the earth's eiust, where the 
rocks do not lie under a greater ]>u‘ssure than ihcir eriishiiig si l ength, 
they may give way to the pressure by fraetuiiiig or erushing. Ik'yond 
that limit of strength they probably lie in a more or less plastic eondition, 
and, like cold solid metals in a hydraulic ])re.s.s, may be made to flow 
Obvious proof of the [Kiwerful pressure to wbieh locks lm\e been 
ex|MJ8e(l 18 furni.slied by the way in wlii(‘h contiguous ])el)bleH in a 
conglomerate have heeu scpieezed into each (►ther, an<l ••\en some.- 
times have heen elongated in a certain general direc tioii. 'J’lie coar.se 
ness of the grain of such rocks pemnt.s the efiects of eompresHioii or 
tension to he readily .seen. Similar elleets may t;ike place in fine- 
grained rocks and e.scape obscrx ation. Daubrec has imitated expcniiicill- 
ully indcntatioti.s produced by the coiitiguoub portions of conglomerate 
jMjbbles.- Such imIenUtions, particularly wdien the material is limestime 
or other tolerably soluble rock, may indeiMl have been to some extent 
produced by solution taking place most a<*ti\ely where pressure Avas 
greatest (p. 411). Hut of the indubitable evidence.s of crushing and deforma- 
tion, even in what would be termed solid and brittle rocks, perhajis the 
most instnictive and valuable are furnisbeil by the remains of fossil plants 
and animals of Avhicli the unaltered shapes are well known. M’here 
fossiliferous rock.s have undergone a shear, the extent of this mo\ement, 
as above remarked, can he measured in the resultant di.stortion of the 

’ Jannetta/, Iteuevier ami Ixjrj, K. S. O. F. ix. y 619 

- CompUs rniilui, xliv. p. S23 ; alsohw ‘ K^jx^nrufutale,’ part i. sect n. cliaji. 

lii., where a senes of iiji|»ortaijt ex|)eritnenta on ileforDiutiou i» given. For vurious i xainplcs 
and opinion.s, see Rothpletz, 2. I). U. G. xxii. p. 355. tleim, ‘ MechaniHinus der (li hir^s 
bildung,’ 1878, \ol. u. p. 31. Hitchcock, ‘(ieology of Vermont,’ 1. p. 28. I‘i«r /toxt. 
Soc. Nat. Hisl. vii, pp. 209, 363 ; xviii, p. 97 ; xv. p. 1 , xx. p. 313. ,1 /«<•/. Axtitr. 1866, 
p. 88. Amer. Jour.- Ikt. ^2), xxxi. p. 372. Rtp. (Jardrff Sat. Hoe. 1873, p, 21. 

H, H. Reuach, ‘ Foasilien-ftihrend, kryst. Schiefer,’ p 25. On pitted p»])ble« in rw),". 
T. Mellard Reade, Proc. Lhrrpoof Oei>g. Soc. aesa. 1891-92 ; Geof. Mog. 1895. p. 341 ; 
Greeley, ry. cU. p. 239. 
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fossils. In Figs. 85 and 87 drawings are given of two Lower Silurian 
fossils in their natural forms. In Fig: 86 a specimen of the same species 
of trilobitc as in Fig. 8.5 is represented where it has been distorted during 



8'i -A Trilubile (rtJyi/irn#* 
Hlunfubuchli)i natural 



Hg. 86 —The name Tnlobite, 
altered by Defonnatluii - 
1/Ower Silurian, Hondie 
Wen, near Ceng y Dniidiun, 
North WaleH (It.) 



Fig. !>7.— A Biachipod (SfropAo- 
nuna rxjHiiud), natural shape. 


the shearing of the enclosing rock. In Fig. 88 four examples of the same 
shell as in Fig. 87 are shown greatly distorted liy a strain which has 
elongated the rock in the direction a ‘ Amorphous crystalline rocks 
(pegmatite, granite, diorite) have been so crushed as to acijiiiro a schistose 
structure (pp. 246, 252, 255). 



Fig 88.— MropAomena ejTwnjci, altered by the deforming intluence of Ck*.avage— Lower Silurian, 
Cwin Idwal, Caeriuirvonahiru (fl.). 


Another illustration of the effects of pressure in producing deforma- 
tion in rocks, is supplied by the so-called “ Hgnilites,” “ epsomites,” or 
“ stylolites.” These are cylindrical or columnar bodies varying in length 
up to more than four inches, and in diameter up to two or more inches. 
The sides are longitudinally striated or grooveil. Each column, usually 

• S«e D. Shairpe, Q, J, U, S. iii. (1846), p. 76. W. Hopkins, Cavibridge Phil, Tmns, 
viii. (1847), p. 466. S. Haughtoii, Phil, Mug, (1856), xii. p. 409. 0. Fisher, ihU, Mng. 
1884. ^ 899. Harker, Brit, Astoc, 1885, Reports, p. 824. 
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with a conical or rounded cap of clay, beneath which a shell or other 
organism may frequently be detected, is placed at right angles t«> the 
bedding of the limestones or calcareous shales through which it jwisses, 
and consists of the same material This structure has been refernMl by 
Professor Marsh to the difference between the resistance otteied by the 
column under the shell, and by the surrounding matrix, to superincumbent 
pressure. The striated surface in this view is a ease of “ .'jlu'ken.sides.' 
The same observer has suggested that the more complex struotun' known 
as “ cone in-cone ” may be due to the action of pressure upon concretions 
in the course of formation.^ 

The experiments of Tresca, fjpring, Hallock, Adams and Nicolson and 
others ^ on the flow of solids have thrown considerable light uj)on the 
internal deformations of rock masses. Tresca proved that, even at, 
ordinary atmospheric temperatures, solid resisting bodies like lead, cast 
iron and ice may be so compressed as to undergo an internal motion of 
their parts, closely analogous to that of fluids. Thus, a solid jet of lead 
has been produced by placing a piece of the metal in a cavity between 
the jaws of a powerfiil compressing machine. Iron, in like manner, has 
been forced to flow in the solid state into cavities and take their shape. 
On cutting sections of the metiils so compressed, their particles or crystals 
are found to have ranged them.selves in lines of flow which follow the 
contour of the spsice into which they have been s(jiieezed. Such experi- 
ments are of considerable geological interest. They illustrate how in 
certain circumstances, under great strain, rfxjks may not only be maile to 
undergo internal deformation along certain shearing planes, as in cleavage, 
but may even be subjected to such stresses as to acquire a “shear-structure ” 
resembling the fluxion-structure seen in rocks which have been truly 
liijuid (p. 15d). More recent experimental researches. by Professor F. 1>. 
Adams and d. T. Xicolson have shown that when limestone or marble 
is submitted to ditferential pressures exceeding the elastic limit of the 
material, the rock undergoes |)ermanent deformation. This change at 
ordinary temperatures is due jxirtly to the pnMluction of a cataclastic or 
crushed structure, and pjirtly to twinning and a gliding movement among 
the individual crystals of calcite, both of which effects can be seen among 
contorted limc.stonc8 and marbles in nature. But when the temperature is 
300"' C. or 400 ('. no cataclastic .Htructure is ob.servable, the whole internal 
movement being due to changes in the 8haf)e of the calcite crystals by 

* Piijr, Amer. Assoi. Science, 1867- GUuibel, Z. It. O'. O', xxxiv. p. 612. W. 
Oresley, OW Ma;f. 1887, {.. 17 ; Q. J. a. S. 1. (1894), p. 781 ; liv, (1898;, j.. 196. .1. 
Young, Trans, (ieol. Soc, (tlnsgof, \iji. (1885), p. 1 ; (Jeff. Mug. 1892, p. 138 , aKo jip, 
240, 278, 334. 

Tresca, (Jmnptfs Kud, 1864, p. 754; 1867, p. 809; M(m, Snv. hmngeTs, xvlil. 
(1868), p. 733 ; XX. pp. 75, 137, 281. 617 ; Inst. Mech. Engineers. June 1867 ; June 1878i, 
W. Spring, BhU. Acud. Behj, xhx. (1880), p. 323 ; ix. (3), 1885, p. 204. W. HallocV, 
Bull. l\ S. (J. S. No. 55 (1889). p. 67. F. 1). AdainK and J. T. NicoUon, (Jrof. Mag. 
1897, p. 513; Phil. Tmns. c\rv. (1901), pp. 363-401. W. C. Roberh-Aiuten, /'r<x. 
Roy. Institution, \x. (1886». p. 395. .S^ also E. Rejer’s ‘Gvologisibr uud gfOgrai'hiHche 

Experiments, ’ Heft i. 
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twinning and gliding. The presence of water was not seen to exert any 
influence in the result.^ 

The experimental demonstration of the capacity of rocks to undergo 
internal molecular changes when exposed to severe differential pressures 
has much interest in regard to the origin of schistose and other structures 
in rocks which have manifestly suffered enormous compression. During 
the last twenty years observations have multiplied in all parts of the 
world in proof of the wide extent and great importance of such mechanical 
movements. An account of this evidence will be given in Book IV. 
Parts IV. to Vlll. 

(5) Plication. — On the assumption of a more rapid contraction of 
the inner hot nucleus of the globe, and the consequent descent of the 
cool outer shell, a subsiding area of the curved surface of the earth 
requires to occupy less horizontal space, and must therefore suffer 
powerful latei-al compression. De la Beche long ago pointed out that if 
contorted and tilted beds were levelled out, they would require more 
room than can now be obtained for them without encroaching on other 
areas.- The magnificent example of the Alps brings before the mind 
the enormous extent to which the crust of the earth has in some places 
been compressed. According to the measurements and estimates of 
Professor Heim of Zurich, the diameter of the northern zone of the 
central Alps is only about one-balf of the (triginal horizontal extent of 
the component strata, which have been corrugated and thrown back upon 
each other in huge folds reaching from base to summit of lofty mountains, 
and spreading over many .s<iuare miles of surface. He computes the 
horizontal compression of the whole chain at 120,000 metres; that is to 
say, that two points on the opposite sides of the chain have, by the 
folding of the crust that pruduce<l the Alps, been brought 1 20,000 metres, 
or 74 miles, nearer each other than they were before the movement.^ 
Though the sight of such colossal foldings of solid sheets of rock impresses 
us with the magnitude of the compression to which the crust of the earth 
hjis been subjected, it perhaps docs not convey a more vivid picture of 
the c.xtent of this compression than is afforded by the fact that even in 
the minuter and microscopic structure of the rocks intricate puckerings 
are visible (Fig. 36). So intense has been the pressure, that even the 
tiny Hakes of mica and other minerals have been forced to arrange them- 
selves in complex, frilled, crimped, and gofteretl foldings. On an inferior 
scale, local compression and contortion may be caused by the protrusion 
of eruptive rocks. The characters of plicated rocks as part of the frame- 
*work of the terrestrial crust are given in Book IV. Part IV. 

As may be suppo.sed, it is difficult to illustrate ex|)erimentally the 
processes by which vast masses of rock have been plicated and crumpled. 
The early devices of Sir James Hall, however, may be cited, from their 
interest as the first attempts to demonstrate the origin of the contortion 
of rocks. He placed layers of cloth under a weight, and by compressing 

• Phil. Trafu. c\cv. A (1901), pp, 363-401. 

- ‘Report, Devon and Cornwall ’ (1889), p. 187. 

^ ‘ .Mecliauismua der Gabirgsbildung,’ ii. (1878), p. 213. 
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them from two sides produced corrugations closely resemhling those of 
the Silurian strata of the Ikrwickshire coast (Fig. H9). I’roft-ssor Favre 
of Geneva devised an experiment which more closely imitates the con- 
ditions in nature. Upon a tightly stretched Iwuul of india-nibher he 
placed various layers of clay, making them jwlhere to it as tirinly as 
possible. By then allowing the Isind to contract he jirodinjed in the 
overlying stratti of clay a .series of contortions, iinersuins and dislocations 
which at once recalled thos»‘ of a great mountiiin chain.* Mr. H. Schaixlt 
repeated the experiments, hut with intcrstraliticalions of liard and soft 
clay and clay mixed with sand.- The subject was sul).se«juently illustrated 
experimentally by Mr. H. M. Cadell, \vho, making use of plaster-of Fari.s, 
with layers of sand, hmm or clay, 
obtaineil results curiously like those 
exhibited by the crumpled and disloeate«l 
rocks of the N.M’. Highlands of Scotland. * 

Dr. Reyer, who has devised a .series of 
ingenious apparatus and methods for 
experimental research in geology, has 
devoted special attention to deformation 
and plication in illustration of the Ki- v. nmu Kvi« niiiri)i iiiuHtTHimj; 
formation of mountiuns.* Mr. Riiley <..ni..riioii 

M’illis has published ati interesting series of exjxuiments on the same 
subject, in wliich be used beeswax, hardening it with pl.'istei-of-Paris 
or softening it with turpentine to obUun a range of <piality from a brittle 
solid to a semi-Huid subsUince.-’ 

(fi) Jointing and Dislocation. - Almoht all roik.s arc traversed by 
vertical or highly inclined duisional planes terme«l /oiuta (liook IV. 
I’art II.). These have been regarded as due in s(nne way to contraction 
during consolidation (fissures of letreat); and this is no doubt their 
origin in innumerable cases. But, <ui the other hand, their I'reipient 
regularity and persistence across materials of veiy varying texture .suggest 
nitlier the effeets of internal pressuie and mo\t‘menl within the crust. 
Ill an ingenious scries of experiment.s, l >aul)n*e ha.s imitated j(tinls and 
fractures by sulijccting diflerent subsUnces to undnlatorv movement by 
torsion and by simple prossun*, and he infers that they havi; been 
produced by analogous movements in the terrehtrial rrii.sl*’’ 

But in many cases the rupture of continuity has hern attended with 
relative displacement of the sides, producing what is termed a ftiiilt. 
Dauhrf^e also shows experimentally how faults may arise from the same 

’ yalvre, xiv. (1878), p. 103, 

- Bull. ,Soc. Vaud, Sci. Sat. xx. (1884), pp. 143-146. 

* Tfntis. Ruif. Sof. Edin, xxxvi. (1888), p, 837. 

^ See hiH ‘Oeologischc nod geogmphiuche Experimeute^' already eited, e'«peuiany 
jwrts i. and iv. 

^ ISth -4hh. Rep. C. S. O. .S'. (1894), p. 241. Compan* Mr. Howe’s experioients to 
illustrate the intrusion of igneous rocks, op. ctL, 2ht Repurt (1901 ), p. 291. 

• ‘Gt^oL Eipt^m.’ part i. sect. ii. chap, ii. See W. King, /ioy. Jri*h Acad, xxv. (1875^ 
p. 605 ; and the theories of jointing given podea, p. 661. 
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movements as have caused joints, and from bending of the rocka As 
the solid crust settles down, the subsidence, where unequal in rate, may 
cause a rupture between the less stable and more stable areas. When a 
tract of ground has been elevated, the locks underlying it get more room 
by being pushed up, and are placed in a po.sition of more or less 
instability. As they cannot occupy the additional space by any elastic 
expansion of their mass, they accommodate themselves to the new position 
by a series of dislocations.^ Those segments having a broad base rise 
more than those with narrow bottoms, or the latter sink relatively to the 
former. Each broad-lx>ttoined segment is thus bounded by two sides 
sloping towaixls the upper part of the Idock. The plane of dislocation is 
nearly always inclined from the vertical, and the side to which the 
inclination rises, and from which it “ hades,” is the upthrow side. Faults 
of this kind are termed lumnal^ and are by far the most common in nature. 
In mountainous regions, however, instances frequently occur where one 
side has been pushed over the other, so that lower are placed above higher 
beds. Such a fault is said to be mmeiL It indicates an upward thrust 
within the crust, and is often to be found associated with lines of plica- 
tion. Where a sharp fold, of which one limb is pushed forward over the 
other, gives way along a line of rupture, the result is a reversed faidt. 
The details of th^'se features of geological structure are reserved for Book 
IV. Part VT. They are only noticed here, as their consideration forms 
one of the branches of dynamical geology. 

4. The Metamorphism of Rocks. 

Another section of geological dynamics is devoted to the investi- 
gation of what is termed the “ metiimorphism ” of rocks — that is, re- 
arrangement of their constituent materials, and most frequently the 
production of a new crystalline structure.- In tiiis transformation the 
following conditions have been mainly operative : — (1) 'remperature, from 
the lowest at which any change is possible up to that of complete fusion ; 
(2) pressure, the potency of the action of heat being, within certain limits, 
increased with increase of pressure ; (3) mechanical movements, which 
so often have induced molecular re-arrangement.s in rocks ; (4) presence 
of water, usually containing various mineral solutions, wherc*by chemical 
changes cun be effected which would not be possilile in dry heat ; (5) 
nature of the materials operated upon, some being much more susceptible 
of change than others. 

, A metamorphosed rock is one which has suffered such a mineralogical 
re-arrangement of its substance. It may or may not have been a 
crystalline rock originally. Any rock capibb' of alteration (and all rocks 
must be so in some degree) will, when subjected to the required 
conditions, be metamorphosed. The resulting structure, however, ^ill, 
save ill extreme cases', bear witness to the original character of the mass. 

* Sm J. M. Wihon, J/«y. p. 206 ; O. Fislier, *y>. rit. 1884. 

* See A. Harker on tlu* Ph>9lc» of Mrtaiunriiliisiu, .1/"*/. \i. (1889), p. 15 ; J. W. 
Judd, ibid. p. 243 ; ami Book IV. Part VI H. of tins Text-lnKik. 
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In some instances, the change has consisted merely in the ro*arrangemcnt 
or crystallisation of one mineral originally present, as in limestone 
converted into marble ; in others, there has been a process of 
paramorphism, as where augite has been changed into hornblende in the 
alteration of dolerites into epidiorites ; in others, the constituents have 
been forced by mechanical movements to range themselves in parallel 
laminae, as where a diorite or pyroxenic rock becomes a hornl)lende-achi8t ; 
in others, partial or complete transformation of the original constituents, 
whether crystalline or clastic, into new crystalline minerals has been 
accompanied by a complete I'c-crystallisation and change of structure in 
the rock. Quartzite is evidently a compacted sandstone, either hardened 
by mere pressure, or most frequently by the deposit of silica between its 
granules, or a slight solution of these granules by permeating water, so 
that they have become mutually adherent. A clay-slate is a hardened, 
cleaved, and partially metamorphosed form of muddy sediment, which on 
the one hand may be found full of organic remains, like any common 
shale, while on the other, by the apjiearance and gradual increase of 
some form of mica and other minerals, it may be traced becoming more 
and more crystalline, until it passes into phyllite, chiustolite-slate or 
some other schistose rock. Yet remains of fossils may be olitained even 
ill the same hand-specimens with crystals of andalusite, garnet or other 
minerals. The calcareous matter of corals is sometimes replaced by 
hornblende, garnet and axinite, without deformation of the fossils.’ 

Since experiment has proved that in presence of water under pressure, 
even at comparatively low' temperatures, mineral suUtances are vigor- 
ously attacked (p. 411), we may expect to find that as these conditions 
abundantly exist within the earth’s ciust. the nx'ks exposed to them have 
been more or less altered. A large proportion of the accessible crust 
consists of sedimentary materials which were laid down on the ocean- 
bottom, and which were still abundantly soakerl with sea-water even 
after they had l)een covered over w'ith more recent fftrmalions. The 
gradual growth and consolidation of submarine accumuliitions would deprive 
the lower strata, of most of their original water, but some proportion of it 
would probably remain. If, according to Dana, the average amount of 
interstitial water in stratified rocks, at the earth’s surface, such as lime- 
stones, sandstones and shales, be as.sumed to be 2‘G7 per cent, which is 
probably less than the truth, “ the amount will correspond to two (piarts 
of water for every cubic foot of rock.’’ "^ There is certainly a considerable 
store of w'ater ready for chemical action when the required conditions of 
heat and pressure are obtained. We must also remember that the water, 
in which the sedimentary formations of the crust w’cre forme<l, Ixing 
mostly that of the ocean, already possessed chlorides, sulphates and 
other salts w'ith which to l)egin its reactions. The inference may 
therefore be drawn, that rocks possessing not more than .'1 per cent of 
interstitial water cannot l>e depressed to depths of sev eral thouwind feet 

’ Ann, (let 5nie b^r, xii p. 318 H. H. RniHcli. * lUe F*nsMlieji-fiilireii.l*'ii 

krystallimschfn Srhe'fer von Ber>feii ’ (IraiiMateil by It, BaManf). Leipzig, 1883. 

* ‘Manual,’ 3rfl ed. (1880). p 7f>s. 
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beneath the level of the earth’s surface, and undergo greiit pressure and 
crushing, without suffering more or less marked intcnial change or 
metamorphism. 

For the sake of illusti‘atirig this department of dynamical geology in 
the jiiesent section of this volume, some typical examples of the natiu’e of 
the changes involved will here be given. But the full discussion of the 
subject is reserved for Book IV. Part VI II., where the phenomena of 
“contact” and “regional” metamorphism as displayed among the rocks 
of the earth’s crust will be de.scribcd. 

Proifuclion of marble from livustone . — One of tlje most obvious cases of alteration — 
tile artificial conversion of limestone into crystalline saocliaroid marble — has been 
already referred to (pp. 250, 402).' The calcite having undergone complete transforma- 
tion, its original structure, wlietlier organic or not, has been effaced, and a new structure 
has been developed, consisting of an aggregate of minute roumled grains, each with an 
inde|»eiidcnt crystalline arrangement (Fig. 27 ). The production of a crystalline structure 
ill atnoiphous calcite may be effected by the action of mere meteoric water at or near the 
Mirfaeo (pp. 160, 17B, 475). Hut the generation of tlie peculiar granular .structure of 
marble always demands heat and pressure, and probably usually the presence of water, 
though the details of the process, on tin* great scale, are still involved in obscurity. 
We know that where a dyke of basalt or other intiusive rock has involved limestone, it 
has sometimes been able to convert it for a short drstaiice into niaible. The heat (and 
perhaps the moisture) of the invading lava have sufficed to pro<lure agranular strueture, 
which oven under the micios<*opo is identical with that of marble. The conversion of 
wide areas of limestone into marble is a regional form of metamorphisrn, associated 
usually with the alteiation of other .sedim('iitar\ masses into schists, ka, 

Ihilomifisation. -Another alteiation which, fioin tlic labouis of \’oii Hiich, icceivod 
III the early decades of last ceiiltiry much attention (rom geologists, is the conversion of 
ordinary limestone into dolomite. Some dolomite apj>oars to he an original chemical 
[irecipitate from the saline watei of inland lakes ami seas (p. 529). Hut calcareous 
formations due to organic secietions aie olteii weakly dolonntic at the tunc of their 
formation, and may have their proportion of magnesium earbonato increased by the 
action of )>ermeating water, as is proved by the conveision into dolomite of shells and 
other orgaiii.sms, coiisi.sting originally of calcite or aiagomte, and foiining jiortions of 
wliat was no doubt oiiginally a linie.stone, though now* a coiitiinioiis mass of dolomite. 
Tills change may have sometimes consisted in the mere abstraction of caibonate of lime 
from a lime.stonc already containing carbonate of magncbia, so a.s to leave the rock in 
the form of dolomite ; or probably more usually in the action of the magnesium salts of 
sea-water, especially the chloride, upon organically foimed limestone; or .sometimes 
locally in the action of a .solution ot carbonate of magnesia in carbonated water upon 
limestone, either luagiiesiaii or iion inagncsian. Klie de Heaunioiit calculated that on 
the assumption that one out of every two equivalents of carbonate of lime was replaced 
by carbonate of magnesia, th« conversion of limestone into dolomite would lie attended 
».with a reduction of the volume of the mass to the extent of 12*1 per cent. It is 
certainly romarkahle in this cunuccliou that large masses of dolomite, which may be 
conceived to have once In'cn limestone, have the cavernous, fissured structure which, on 
this theory of their origin, might have been looked for. 

Dolomite has been produced both on a small and on a great scale. In the north of 
England and elsewhere, the Carboniferous limestone has been altere<l for a few feet or 
yards on either side of its joints into a dull yellow dolomite, locally termed “ dunstone.” 
Similar vertical /ones of dolomite occur also in the Carboniferous limestone of Ireland. 
Harkness |>ointed out that the dolomite apjic.ar« in vertical ribs where the rocks are 


* See also •* MarniarosU " in Book IV. Part VIII. 
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much joioted, and in beds where they have few or no joints,’ No doubt predating 
water has been the agent of change in the vertical rones. The beds, liowever, 
which in Ireland and elsewhere constitute iinprtant masses in the Carlwiuferous 
limestone, were more probably formed contemporaneously with the nnks among wliieb 
they lie. They may have l)een deposited as limestone in shallow lagoons iilicre the 
magnesian salts of concentrated sea-water would act upon them Dolomite sometimes 
forms great'ranges of mountains, as in the Eastern Alps, wheie it has by some writers 
been regarded as altered ordinary limestone. Hut these masses may have partly, at 
least, become dolomite at the beginning by the action «»f the magneMan salts of the 
concentrated waters of inland sias upon organic oi inorganic cailcareoiis de{M>sits 
accumulated previous to the concentration, their metamorphisra having consisted 
mainly in th^ subsequent generation of a crystalline structure analogous to that of the 
conversion of limestone into marble.* 

Conversion of wgrUihlr substance. inloeoaL- Kx|HWtHl to the Htniosjtiicic. dead vegeta- 
tion is decomposed into humus, which goes to increase the soil. Ibit sheltered from the 
atmosphere, exposed to the action of water, espcially with an iiicrcas<* of teinjierature, 
and under some pres.siire, it is converted into lignite and coal. An example of this 
alteration has been observed in the Dorothea mine, riaustlial. .'^ome of tlie IiiiiIht in 
a long-disused level, tilled with slate rubbi.''b, and saturated witli the imiie watci Ironi 
decotii|> 08 iiig pyrites, wa.s found to liavealeatlieiy eoiiMsteiiie when wet, but, on exposure 
to the air, it hardened to a firm and ordinaiy blown coal, with the typical brown colour 
and external fibrous structure, and having the internal fi.icliiie of a hlaek, glo.sHy pitch- 
coal. •* This change must have been produced wifhin less than four oeiituiies - the time 
since the levels were ojieiied Accoiding to Hiscliofs ileieiininations ilie conveision of 
wood into coal may take place, 1st, by the wparation of eaihonic luid aii<l caihiiretted 
hydrogen , 2nd, by the separation of carlMunc acid, and the foruinlion of watei either 
from oxidation of liydrogcn by meteoiic oxygen, or fioiii the liydrogi'ii anil oxygen of 
the wood , 3rd, hy the separation ot <•311)01110 ai i<l, cailuiii*lted hydrogen, and water.* 
The circumstances undei which the vegetable matter now toiining coal bus be* ii .accumu- 
lated were favourable for this .slow traiisniulatiou. The caihoii-dioxide (ciioke-dainp) of 
old coal-niiucs, and the carhuretted bydiogen (fire <lanip. ('ll,) given otf in sinli large 
quantitie.s by coal-seams, are j)rodnits of the .•iltciation wlinb would appear to )»e 
acceleiated by terrestrial inovi'ineiits, .such as those that loinjiress and plicatii roiks. 
During the jirocess these gases escape, ami the propoilnui of carbon piogicssively 
increases in the residue, till it reaches the most liigblv niincralised aiilhrm ite {p IH), 
or may even pass into nearly puic railKin or glapllll»^ In tins coal-haMiis of Mons and 
Valeucieuues, the same seams which an; in tin* state of hitiiininous coal (f/coxi at the 
surface, gradually lose their volatile constiiin iits as tliey aie tra<ed downwaid till they 
pass into anthracite. In the Pennsylvani.in coal tiebl the <’.oals liecome more anthrscitic 
as they are followed into the eastern region, w1i«m<* the ro< ks liavc nndergone great 
plication, and where, possibly during tlie suhfi-naiieau nioveincnts, they wete exposed 
to an elevation of temperature.'' Dauhi<b> has proiluccd from wood, i-xposed to the 

’ q. J. G. S. XV. p. 100. 

•* On doloinitisatioD, see L von Bm-h, in la-onhard's Mmerub"/. T(i‘‘^hentnn'h, 1824*, 
Nauinann's ‘ Geognosie,’ i. p. 763 ; Bischof.s Thcmbal G<-ol<^y,’ iii.; Elie <lt- Beaumont, 
Bull. Soc. GM. France, viii. (1836), p. 174 ; Horby, Brx(. Amw. }Up. IH.^6, part li p, 77, 
and Address, Q. J. (led, .ioc, 1879. A full statement of the literature of this subject will 
be found in a suggestive memoir hy C. Doelter and It. Hoernes, Jahrh. Oe(^. JteielisanslaU, 
XXV. The dolomite mountains of the Eastern Aljis ha\e been well described by .Mojsisovics, 
See account of Triassic system, postea. Book VI. 

' Hirschwald, Z. Deutsch. Um. xxv. p. .361. 

* BLschof, 'Oiem. Geoh’ i. p. 274. 

* Dauhri^;, •Geol. Exp'-nm.’ p. 463. Part of tlie framework Ik-1ow a sti-ani- hammer tias 
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action of superheated water, droplike globules of anthracite which had evidently been 
melted in the transformation, and which presented a close resemblance to the anthracite 
of some mineral veins. ^ 

Produdion of wip mtnemls.— Reference has above (p. 413) been made to the 
artificial formation of minerals in highly heated aqueoiu solutions. Such changes have 
been effected among the rocks Within the crust, where doubtless water and heat have 
likewise been the chief agents in the process. Where metamorphism is wrtl developed 
the chemical reactions which have been set up have given rise to more or less complete 
recombination of the chemical constituents of a rock. New nnnerals have thue been 
formed either entirely out of the materials already comprising the rock, or with some, 
addition or replacement of aubstance introduced from without, by aqueous solution or 
otherwlae. Carbonate of lime and silica are the two compounds that have been most 
abundantly brought by infiltration into rocks. Some of the commonest secondary 
minerals are micas ; audalusite, chiastolite and garnet arc also of frequent occurrence. 
(See Book IV. Part VI 11.) 

Production of thesehistoac structure,— AW rocks are not equally {)ermeable by water, 
nor is the same rock equally permeable in all directions. Among the stratified rocks 
especially, which form so large a proj^rtion of the visible terrestrial cnist, there are 
great differences in the facility with which water can travel, the planes of sedimenta- 
tion, or those of cleavage or shearing where these have been developed, being naturally 
those along which water passes most easily. It is along these planes that differences 
of mineral structure and composition are ranged. Alternate layers of siliceous, 
argillaceous, and calcareous material vary in porosity and capability of being changed 
by permeating water. We may, therefore, expect that unless the original stratified 
structure has been effaced or rendered inoperative by any other superinduced structure, 
it will guide the metamorphic action of underground water, and will remain more or 
less distinctly traceable even after very considerable mineralogical transformations have 
taken place. Even without this guiding influence, superheated water can, to a certain 
extent, produce a schistose structure, parallel to its bounding surfaces, as Daubr^e's 
experiments iqion glass, above cited, have proved. 

The stratifled formations consist largely of silica, silicates of alumina, lime, 
magnesia, soda and potash, and iron-oxides. These mineral substances exist there as 
original ingi’edieiits, jiartly in recognisable w'orn crystals, i>artly in a granular or 
amorphous condition, ready to be acted on by i>ermeating water under the requisite 
conditions of temperature and pressure. We can understand that any re-combination 
and re-crystallisation of the silicates will probably follow the laminae of deposit or of 
cleavage, and that in this way a crystalline foliated structure may be developed. 
Round mas-ses of granite erupted among Palaeozoic rocks, instructive sections may be 
observed where a transition can be traced from ordinary unaltered 8e<iimentary 
strata, such as sandstones, greywackes and shales containing fossils, into foliated 
crystalline rocks, to which the names of mica-schist and even gneiss may be applied. 
(Book IV. Part VIII.) Not only can the gradual change into a crystalline foliated 
structure be readily followed with the naked eye, but with the aid of the microscope the 
finer details of the alteration can be traced. Minute plates of some micaceous mineral 
Kid small concretions of audalusite, garnet, quartz, Ac., may be observed to have 
crystallised out of the surrounding amorphous sediment. These, especially the mica, 
can be seen gradually to increase in size and number towards the granite, until the rock 
assumes a thoroughly foliated structure and passes into a true schist Yet even in such 
a schist, traces of the original and durable water- worn quartz -granules may be detected.^ 
As already stated (pp. 244, 246), foliation is a crystalline segregation of the mineral 
matter of a rock in certain dominant planes which may be those of onginal stratification. 


been found after twenty jears to In? converteil into lignite. F. Seelaud, Verh. (Jeol. JUiehs. 
1888, p, 192. ‘ Op. at. p. 177. Sorhy, Q. J. U. S, xxxvi. p. 82. 
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of joints, of cleavage, of shearing or of tracture.' Mr. Soiby has ivcopniseii foliation in 
three sets of planes even among the same rocks.’* 

Scrope many yeaia ago called attention to the analogy lietween the foliation of soliiats 
and the ribband^ or streaked structure of trachyte, obsidian, and other lavas.-* This 
analogy has even been regarded as an identity of structure, and the idea huti found 
supjMirters that the schistose rooks have been in a condition smular to or identn-iil with 
that of many volcanic masses, and have acquired their iwculiar lissility by ditrereiitial 
movements within the viscous or pasty magma, the solidified ninit-rals In iiig drawn out 
into layers in the direction of shearing. DaiibnV, availing bitimdf of tlio U Hcarclies of 
Tresca on the flow of solids {p. 4‘21}, has endcavouied to imitate artiliciallv S(uiu* of the 
phenomena of foliation by exposing clay and othei siibstaiu-es to gicat but unequal 
pressure.^ T^jat some of tbo lenticular wavy lamina- of ditfoient niim-ials in gneiss and 
other foliated rocks may be due to original segtegation or flow in still unconsolidated 
igneous rock stems to be rendered highly probiibU- by the cIiiiouh iinalogies to (ids 
structure to be observed in tlie deeper parts of large intiusive busses of rock, such as 
granite, diabase and gubbro (p. 25CI Tlie.s<- layeis may tbu.s be the remains of llio 
oldest structure now retained by the giiei8.s. Put .subsequent pleasure and dclormntion 
have frequently produced a foliation cutting obliquely acro«,s tins original lamiinifioii 
and even entirely effacing it. {See liook IV. l*iut VIII. Sect, ii., and tin* sectioii on 
pre-Cambnan rocks in Book VI.) 

That the schistose structure has lieen laigely imluced by meclianicid niovenu-nls can- 
not be doubted. Tlie evidence in tbe held ami under the iiiieroM-o)»e has now rendeml 
it certain that many rocks Jiave been subjected to <-iiornious niechuniral stresses within 
the earth’s crust; that they have yielded to tin- picssuie both by disJuj»tion and by 
molecular shearing, that in some cases tlu-v have been crushed into minute fing- 
meiits or dust, and have then been made to ll( 0 \ and to Minnlate tbe rtow-stiucture 
of lava, while, in other cases, tlie crushed paitnles have crystalliHcd into a gianulitio 
structure, or the re-crystallisation has taken pla.-.- along the flow qilanes and has given 
ri'>e to a peifect foliation. The ii'-tnui that jaudimd cleav.ige, if fiirttiei <leveloped, 
might bo accompanied with .suflicunt augmentation of t.-mpeiatuie to peimit of extensive 
mincralogical transforniation along tbe elea\uge-pl iio-s Hut piobably a use of teni)K*ru* 

turc wa.s not e-iseiitial. The conveisioii of pyioxeiu- into bornbb-nde, wbicb has been 
observed in regions of eiystallinc- .>cliists, points indeed to a lowu leiuja laiuie than that 
required for the ciystallisstioii of tbe original niiiieial.^ A s<-bi‘«tov struelnie of almost 
any degree of coarseness might conceivably be |iiodntc<|. .\ mixed rotk, such as gianite, 
has been coineited into a foliated gneiss luoiitc, tiialmse, oi gabbio has likiwisc by 
meclianical movement, with accompanying <bi'iiinal and < iyst.illogi.iplii( tiiiiisfoimation, 
been made, to assume a schistose strm tuie -nid |mss into um|iliil»olile-scliiHt 

The study of iiichimorphj.sin and int'tanior|diic nu ks Ic.ids m from 
unaltered raeclianicnl sediments at tin- one end, into thoroughly erystal- 
line masses at the other. We are piesented with a cycle of change 
wherein the .same particles of mineial matter pass from crystalline rocks 
into sedimentary depo.sits, then hy increasing stages of alteiation hack 
into crystalline masse.s, whence, after heing reduce^l to detritus and re* 
deposited in sediraentiiry formations, they may he once more launched on 
a similar series of tran.sformations. i he phenomena of metamorphism 
appear to be linked together with tho.se of igneous action as connected 
manifestations of hypogene change. 

* Darwin, Hleological Olm-rviitiunH.’ p. Ham^a\, “(JcoIuk)' "f N'^rtb Wab-s,” In 

Mfiiioirx 0/ (rfol. Survet/, 111 . p. 1S2. ' O//. rU. jt. S4. 

•* ‘Volcanoes' pp. 140, 300. Mb'-'dr.gic E.xiM-rirm-ntale,’ p. 410. 

* See G. H. Williams, .h/irr. J«nri\. .Vt. .xxviii. n>5'f4j, p. 259. 
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It is evident that while many of the dynamical processes of change 
among the rocks beneath the earth's surface can be successfully imitated 
artificially, and while such imitatioiis are of the greatest value in affording 
a clearer perception of the nature and working of these processes, there 
remain difficulties which can prolmbly never be overcome and which 
prevent some of the hy{K)gene changes from ever being adequately 
illustrated by experiment. There are especially two respects in which 
human effort must obviously fail. \\"e can never obtain pressures at all 
equal to those under which the rocks undergo mechanical and .chemical 
changes in the deeper parts of the terrestrial crust. And even more out 
of our reach is the time that may be necessary for the accomplishment 
of these changes, ^^'ith the highest temperatures and the most severe 
pressures we can command, our experiments must be performed in the 
merest infinitesimal fraction of the time taken by nature in the operations 
we try to imitate. A few hours or days or even months may be all the 
interval available to us. But the natural processes have extended over 
vast age.s, and where they may seem to us feeble in their action, they have 
yet been able, by their uninterrupted continuity, to produce some of the 
most gigantic revolutions in the structure of the crust and the topography 
of the surface. 


P.\RT II. Epigknk ok SruKACK Action: 

An Inquiry inh the Geoloyirul Chanyes in luoyress upon the hAotk^s Surface. 

On the surface of the globe and by tiic operation of agents working 
there, the chief amount of visible geological change is now effected. 
This branch of inquiry is not involved in tlie preliminary difficulty, 
regarding the very nature of the agents, which attends the investigation 
of hypogene action. On the contrary, tin; surface agents are carrying 
on their work under our eyes. We can watcli it in all its stages, measure 
its progress, and mark in many ways how well it represents similar 
changes wliich for long ages previously must have l>een effected by 
similar means. But in the systematic treatment of this subject, a 
difficulty of another kind presents itself. While the operations to be 
discussed are numerous and often complex, they are so interwoven into 
one great network that any separation of them under different sub- 
divisions is sure to be more or less artiticial, and is apt to convey an 
erroneous impression. While, therefore, under the unavoidable necessity 
of making use of such a classification of subjects, we must bear always 
in mind that it is employed merely for convenience, and that, in nature, 
superficial geological action must be viewed as a whole, since the work 
of each agent has close relations with that of the others and is not 
properly intelligible unless this connection be kept in view. 

The movements of the air ; the evaiwration from land and sea ; the 
fall of rain, hail and snow ; the flow of rivers and glaciers j the tides, 
currents and waves of the ocean ; the growth and decay of plants and 
animals, alike on land and in the depths of the sea — in short, the 
whole circle of movement, w'hich is continually in progress upon the 
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surface of our planet — are fho subjects now to be exuniined. It is 
desirable to adopt some /general term to embrace the whole of this raiigc^ 
of inquiry. For this end the word epigene may Ik* used as ii eon 
venient terra, antithetical to hypogene, or subterranean action. 

The simplest arrangement of this jwrt of (Geological Ih nanues will 
be into three sections : — 

I. Air. — The influence of the atmosphere in destroving and forming 

rocks. * 

II. Water. — The geological functions of tin* eiieulation of water 
through the air and between sea and land, and the action <»f the sea 

III. Life. — The part taken by plants and aniimds in jireserving, 
destroying, or originating geological buinations. 

The words destructive, reproduetive and eonsei vative, emjiloyed in 
describing the oi>orations of the epigene agents, d(> not neees.sanly ini|»ly 
that anything useful to man is destroyed, repriKliieed or pn.served. Oti 
the contrary, the de.structive action of the atmosphen' ma\ eo\er Imre 
rock with rich soil, while its reproductive efFects ina\ buiy fertile soil 
under sterile desert. Again, the eon.^er\ati^e influence of vegetation has 
sometiines for centuries retained a.s barren mmass what might otherwi.se 
have become rich inejulow or luxuriant woodland. 'I'ln* teim.‘<, therefore, 
are used in a strictly geological sense, to denote the leinoval and re- 
dqiosition of material, suid its agency in preserving what lies bemmth it 

Section 1. Air. 

The geological action of the atmosphere ai ises partly fiom its chemical 
compfxsition and partly from its movements. The eompoMtioii of the 
atmospheric envelo|K* has been already diseits.sed (p. .'ftJ), ami further 
information on this .subject will be found under (he head of Hain (p. 4 48) 
Tlie movements of the atmo.sjdiero are <lue tn vaiiations in the distrihution 
of pressure or density, the law* l)eing that air always moves voi licosely from 
where the pres-sure i.s high to where it i.s low. Atmospheric pressure is 
underetood to be determined by two causes, temperature and aipieous 
vapour. Since warm air, l>eing le.ss dense than cold an, a.Hcmids, while 
the latter flow'.s in to take its |)laee, the uneipial heating of the earth’s 
surface, by causing upward curnuits from the warmed portions, jtroduce.s 
horizontal currents from the surrounding coider regions inwards to the 
central a.scending mass of healed an. The familiar land ami sea breezes 
offer a good example of this action. Again, the deii.sity of the air lessens 
with increase of water-vapour. Hence moist air lend.> to rise ;is warnieik 
air does, with a corresponding inflow of the drier and consequently 
heavier air from the sunonnding tracts. A.scending moist air diminishes 
atmospheric pressure, as indicated by the fall <if the barometer, and 
as it lises into higher regions of the atrnospheie it expands, ef>ols, 
and conden.se8 into vi.sible cloud and int<» showers that descend again to 
the earth. 

ITiiequal and rapid heating of the air, or accumulation of aijueous 
vajvour in the air, and |)os8ibly some other mfluoiices not yet pro))erly 
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understood, give rise to extreme disturbances of pressure, and conse- 
quently to storms and hurricanes. For instance, the barometer some- 
times indicates in tropical storms a fall of an inch and a half in an hour, 
showing that somewhere about a twentieth part of the whole mass of 
atmosphere has, in that short space of time, been displaced over a certain 
area of the earth’s surface. No such sudden change can occur without 
the most destructive tempest or tornado. In Britain the tenth of an 
inch of barometric fall in an hour is regarded as a large amount, such as 
only accompanies great storms.^ The rate of movement of the air 
depends on the dilference of barometric pressure between the regions 
from and to which the wind blows. Since much of the potency of the 
air as a geological agent depends on its rate of motion, it is of interest 
to note the ascertained velocity and pressjire of wind as expressed in the 
subjoined table : “ — 

Wlocityiii Miles PreMsiire m Poiiiuls 
per hour. I>er miiinie fool, 


Calm . 

. 0 

0 

Light breeze 

11 

1 

Strong breeze 

. 42 

<» 

Strong gale 

. 70 

25 

Huiricane® 

. 84 

36 


While the paramount importance of the atmosphere as the vehicle 
for the circulation of moisture over the globe, and conseijuently as power- 
fully influencing the distribution of climate and the growth of plants and 
animals, must be fully recognised by the geologist, he is specially called 
upon to consider the influence of the air in directly producing geological 
changes upon the surface of the land, and in augmenting the geological 
work done l>y water. 

1. (leidogical work of the Atmosphere on Land. 

VieMcd in a broad way, the air is engaged in the twofold task of 
promoting the disintegration of superficial rocks and in removing and 
re-distributing the finer detritus. These two operations, hoM'cver, are so 
intimately bound up with each other that they cannot be adequately 
understood unless considered in their mutual relations. 

1. Destructive Action. — Still dry air, not subject to much range of 
tenqx'rature, has probably little or no effect on minerals and rocks. The 
chemical action of the atmosphere takes place almost entirely through 
dissolved moisture. This subject is discussed in the section devoted to 
Bfiin. But sunlight priHluces remarkable changes on a few minerals. 
Some lose their colours (celcstine, rose-quaitz), others change it, as 
cerargyrite does from colourless to black, and realgar from red to orange- 
yellow. Some of these altemtions may be explained by chemical modifi- 
cations induceil by such causes as the loss of organic matter and oxidation. 

Effects of Lightning. — Hibbert has given an account of the 

* Buchau’s * Meteorolo}?),’ p. '-'66. 

For another stateiueut see Czerny, PcUniuinns Mttt. 1876, Erganzmigsheft. 

^ The velocity of the wind in gusU is Konietiine.s as much as 150 miles an hour. 
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dismption by lightning of a solid mass of rock 105 feet long, 10 feet 
broad, and in some places more than 4 feet high, in Fetlar, one of the 
Shetland Islands, alwut the middle of the eigliteenth century. The dis- 
lodged mass was in an inst^int torn from its l)ed and broken into three 

large and several lesser fragments. “One of these, ‘J8 feet long, 17 feet 

broad, and 5 feet in thickness, was hurled across a high jwint of rock to 

a distance of 50 yards. Another broken mass, about 40 feet long, was 

thrown still farther, but in the s/iine direction and quite into the sea. 
There were also many lesser fragments scattered up and down."^ On 
inth August 1901 a mass of grey gneiss, weighing about three and a 
half tons, was detached from the solid rock near Stockholm.* 

The more usual effect of lightning, however, is to prcKliice in loose 
sand or more compact rock patches of vitreous drops or bubbles coating 
the surface, also tubes termed fid(jiint(S, which range up to 2J inches 
in diameter. These tubes descend vertically, l»ut sometimes oblicpiely, 
from tiie surface, occasionally branch, and rapidly lessen in dimensions 
till they disappear. They are formed by the actual fusion of the particles 
of the soil or rock surrounding the pathway of the electric spjirk. They 
have been most frequently found in loose sand. Abich has observed 
examples of such tulmlar perforations with vitreous walls in the porous 
reddish-white andesite at the summit of Little Ararat.-'* A piece of the 
rock about a foot long may be obtained perforated ail over with irregular 
tubes having an average diameter of 3 centimetres. Each of these is 
lined with a blackish-green glass. As the whole summit of the mountain, 
owing to Its freiiuent storms, is drilled in this manner, it is evident 
that the action of lightning may considerably modify the structure of 
tlie superticiul portions of any mass of rock exposed on lofty eminences 
to frequent thunderstorms. Humboldt collected fulgurites from a 
trachyte peak in Mexico, and in two of his 8|)ecimen8 the fused mass of 
the walls ha.s actually overflowed from the tubes on the surrounding 
surface.* 

' Fiibberl’s ‘Sbttlaud IhlandH,' p. 389, from the MS. of Uev. George Low. 

^ C. Au«lersa 0 ii, Ofo/. Fbren. stodholm, xxiii (1901), p S-'l ; on 8i.hUiu(f of rock* Ijy 
lightning ID North Wales, sc** J. R. Dakyns, (MJ .1/(0/. 1900, p. 19. 

» Sitzb. Aka<l. iriw. M'len, lx. P- 

♦ G. Rose, ZeUsch. DeuLnh. OV4. xxv. p 112 ; Guinl>el, uj). n(. xxxiv, (1882), 
p, G47 ; A. Wichraann, up. nt. xxw (1883), p. 849. Fusion by lightning wns (4>.n‘rve*l 
by De Saiissure id hornbleuJe-Kchist on the oujnniit of Mont Blan< (see also }*. Rutley, 
Q. J. G, S. 1885, p. 152) ; by Ilaiiiond in imca-schiat and liiuealonc on a peak of the 
Pyrenees ; by J. S. Diller on the basalt of Mount ThielM)n, Oregon, and on the top of 
Mount Shasta, California, Airur. Journ. Sci. Oct. 1884 ; by J. tkxle* in glaucophano schist* 
on Monte Viao, described by F. Rutley, Q. J. G, N. xlv. (1889), p. 60 , by F. Rutley from 
Griqualand, Min, Mag. x. (1893), p. 280 ; by Mis* E. Aston and Professor Bonney in serpen- 
tine from the summit of the Riffelhom ; by Professor W. Ramsay in green schist from the 
Hornli near Zermatt, and in granite from the summit of Cir Mhor in the Isle of Arran, 
Q. J. G. S. lii. (1896), pp. 452, 456, 459. See also Professor Bonney, Ged. Mag. 1899, p. 1 ; 
W. Hallock, Journ. Geo!. \x. (1901), p. 671. where a i>o*mhar effect of lightning stroke i» 
deiicril)ed traceable over an area 30 to 40 feet square, the rock Ijelng split into fragments 
ami covered with white streaks due to incipient fusion. A. A. Julien, “ A Study of the 
Structure of Fulgurites,” Joum. Gtd. ix. pp. 673-693. 
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Effects of Changes of Temperature. — Of far wider geological 
importance are the effects that arise among rocks and soils from the 
alternate expansion and contraction caused by daily or seasonal changes 
of temperature. In countries with a great annual range of temperature, 
considerable difficulty is sometimes experienced in selecting building- 
materials liable to be little affected by rapid or extreme variations in 
temperature, which induce an alternate expansion and contraction that 
j)rovents the joints of masonry from remaining close and tight.^ If the 
daily thermometric variations are large, the effects are frequently striking. 
In Western America, where the climate is remarkably dry and clear, the 
thermometer often gives a range of more than 80"' in the*- twenty-four 
hours. Thus in the Yellowstone district, at a height of 9000 feet above 
the sea, the author found the temperature of rocks exposed to the sun at 
noon to be more than 90'’ Fahr., and the thermometer at night to sink 
below 20'’. In the Sahara and other African regions, as well as in 
Central Asia, the daily range is considerably greater. This rapid 
nocturnal contraction prmluces such a superficial strain as to disintegrate 
rocks into sand, or cause them to crack or peel off in skins or irregular 
pieces. Dr. Livingstone found in Africa (12'’ S. lat., 34'’ E. lung.) that 
surfaces of rock which during the day were heated up to 137'’ Fahr., 
cooled so rapidly by radiation at night that, unable to sustain the strain 
of contraction, they split and threw ofll' sharp angular fragments from a 
few ounces to 100 or 200 lb. in weight.- In the plateau region of 
North America, though the climate is too dry to afibrd much scope for 
the operation of frost, this daily vicissitude of temperature produces 
results that quite rival those usually associated with the Avork of frost. 
Among the Quitman mountains of Texas the bare rocks split with a loud 
report, the detached fragments varying in thickness from half an inch 
to four inches, and in superficial area from a few square inches to many 
feet.^ By this continual operation cliffs are slowly disintegrated, the surface 
of arid plains is loosened, and the fine (b'*bri8 is blown away by the wind. 

Effects of W ind. — The geological Avork directly due to the air itself 
is mainly performed by Avind.^ A dried surface of rock or soil, when 

* In the United States, with an annual thermometnc range of more than 90'' Fahr., 
this ditficulty led to some expenments on the amount of- expansion and contraction in 
ditfcrent kinds of building-stones, caused by variations of temperature. It was found that 
ill flue-grained granite the rate of expansion was *00000482.5 for every degree Fahr. of 
increment of heat ; in white crystalliue marble it was 000005668 ; and in red sandstone 
*000009532, or about twice as much a.s iu granite. Totten, iu SiUiitians Amn. Joum. 

^xxii. p. 136, See anU, pp. 392, 401. 

’* Livingstone’s ‘Zamliesi,’ pp. 492, 616. According to Stanley, cold rain falling on 
these 8un-heate<l African rocks causes them to split open and peel off. Proc. Roy. Oeog. 
Soc. XX. (1878), p. 142. N. S. Shaler, PrtK. Boitjon Soc. Nat. Hist, xii, (1869), p. 292, See 
also J. Walther, B\UL Soc. Imp. Natur. Moscxnc^ 1897, No. 3, p. 488, and his 'Uesetz der 
Wiistenbildung in Oegenwart und Vorteit,’ Berlin, 1900. 

* H. von Streeruwitz, Ann. Rep. Qeol. Surr. Texas, 1892, p. 144. 

* The general geological effects of wind are discussed by F. Cxeruy, Petemann's MUtheil. 
Erganxiingshefl, No. 48. Nature^ xv. p. 231. J. A. Udden, Joum. Gtot. u. (1894), pp. 
318-331 ; and Appleton's Pop. Sci, MoMhly, September 1896, p, 655. 
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exposed to wind, has the finer disiutegratiHl |)article8 blown away as dust 
or sand. The cajiacity of wind for this kind of tnnisport depends 
mainly, on the one iuuid, nj>on the size, form and specific j;ravitv of the 
materials to be moved, and on the other uj)on tlie velocity of the currents 
of air. Some experiments made by Mr. J. A. I’dden in Illinois give an 
idea of this capacity and of the sifting power of the wind. The com- 
ponent grains of a ccuirse loam were .separ.iic<l by him into group.s of 
difierent degrees of finene.ss and wen* then thrown into the air, when the 
wind was blowing at the rate of about t'ight miles in an hour. The 
following table gives the results ; 


■ Avt'ra»!o of 


lour of thf C.iiIkI.’s when thiowii into the h 


75 milhmetic 

I)cs« iil«il a p-Hth iiliout 10 from a vertu'Al line. 


,, M 15 ,, 

•18 

, .. Imt .1 few (Icf^iecs fn»m a honzoulal 

•08 

line , were Mown iipwaoi by etMien 
(’(•uld scareely l»e notieeil to settle in traiisjiort. 

•01 

AppaientU coni|»lotel\ Mniie up by the wnni. 

•0()7 

Completely boine uji bv tlic wind. 

•001 


In gusts, how’ever, and eddie.s caused hy irregularitie.s in the surface 
of the land, the velocity of the w'ind is such us to move much larger 
fragments of stone. Tims, on the expo.sed sea-clifl's of the Orkney and 
Shetland Islands it is common to firul picct'.s of flagstone or slate weighing 
several pouiuO, which have been detached from the face of the precipice 
during gale.s and have been swept upwaivls and scattered over the 
heathy moor above. These fragnient.s ht-iiig thin and flat, exjx))>e larger 
surfaces to the wind than, bulk for bulk, aie afforded by rocks that weather 
into rounded lumps, like granite and ba.salt. 

When we consider the, wide extent <Aer which wind blows, it is not 
difficult to realise how potent its influence mu.st he in the transport of 
material from one district to another. Tin* process tukes place familiarly 
before our eyes on every street and roadway, over cultivated gniund, as 
w'ell as on surfaces with which man ha.s not interfered. It is geologically 
most marked in dry climates. Aridity indeed is its main cause. Mr. 
Flinders Petrie, the able Kgyptian archieologist and explorer, has brought 
forw'ard evidence of tin; abrading influence of the wind Uj>on mud liriek 
walls and other buildings, and he estimate.s that in some parts of the 
Nile delUi almut eight feet of soil ha.s been swept away by the wind 
during the last 2600 years, or nearly lour inches in a century.'^ Many 
old fortifications in Northern China have been laid bare to the viny • 
fouridatiotis by the removal of the surrounding sod through long- 
continued action of wind.^ In the dry plateaux of North America, too, 
though no iiuman memorials serve there as meiisures, extensive denuda- 
tion from the same cause is in progress. 

It is not merely that the wind blows away what has already been 
loosened and pulverised. The grains of dust and sand are themselves 
* Journ, ff'eol. il. (1894', p. 323. Pntc. Hoy. (if(>grnph. 8oc. 1889, p. 648. 

* Kichthof«nS ‘Chiua,’ Berlin, 1877, i. p. 97. 
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employed to rub down the surfaces over which they are driven. The 
nature and potency of the erosion done by sand-grains ili rapid motion 
is well illustrated by the artificial sand-blast, in which a spray of fine 
siliceous sand, driven with great velocity, is made to etch or engrave 
glass.^ The same process is sometimes seen at work in nature. Thus a 
large sheet of plate-glass, once a window in the lighthouse on Cape Cod, 
was so worn by the impact of sand-grains driven against it by the wind 
during a storm of not more than forty-eight hours’ duration, that it was 
no longer transparent, and had to be removed ; it is now in the National 
Museum, Washington.- The abrading and polishing effects of wind-blown 
sand have long been noticed on Egyptian monuments exposed to sand- 
drift from the Libyan desert.^ Similar effects have been observed on 
dry volcanic plains of barren sand and ashes, as on the island of Volcano.^ 
In some places it has been noticed that the stones exposed to the sand- 
drift are worn into facettes and have sharp edges.*’ On the sandy plains 
of Wyoming, Utah, and the adjacent territories, suriaces even of such 
hard materials as chalcedony are etched into furrows and wrinkles, 
acquiring at the same time a peculiar and characteristic glaze (“desert- 
polish ”). There, also, large blocks of sandstone or limestone which have 
fallen from an adjacent cliff are attacked, chiefly at their base, by the 
stratum of drifting sand, until by degrees they seem to stand on narrow 
pedestals. As those supports are reduced in diameter the blocks 
eventmilly tumble over, and a new basal erosion leads to a renewal of 
the siime stages of waste.'^ Hollows oti rock-surfaces may also bo noticed 
where grains of swind, or small pebbles kept in gyiation by the wind, 

' The stmicnt will tiiul much vahmhle information on sulijcd lu the experimental 
results obtiviueil by Tboulet, Vomptes I'fiid. civ. p. 381 , Amt. liis Mtufs, m. (1887), 
p. 199 ; ami In the essay by Walther cited on p. 4511. 

(f. P. Merrill, Jmirn. (Uol. iv. (1890), p. 714. 

* An excellent account of the denudation phenomena of the Efcxplian deserts will be 
found in an essay' by J, Walther in vol. xvi. (1891) of the Ahhand. KbmgL Sddmsck, 
GenelMi, d, IPiMenscA., and in his volume already noticed, ‘Gesetz der Wusteiibildung in 
Oegenwart und Vorzeit.’ The poli.shing of rocks by the sand of the Sahara is described by M. 
Choisy in his report, 'Documents relatifs ii la Mission dingcc an Sud de I’Algcrie,’ 1890, p. 8'27. 

Kayaer, Z. Ikutsch. Oeol. (/«. xxxii. p. 966. 

* This form of sand -sculpture has Iwen frequently discussed, and has Iwjen variously 
attributed to wind, ice, and river -erosion. See Prestwich, 'Geology,' i. p. 145; J. 
Walther, Abh. A’. <S«c/w. Ges, Wiss. xvi. (1891), p. 446 ; J. H. Woodworth, /twer. Juuni. 
iki. xlvii. (1894), p. 63, where a bibliography of the subject will be found ; Verworn, 

Sandschliffe von Djebel Nakfts, ein Beitragzur Eutwickelungsgeschichte der Kautengerolle,” 
Xeues Juhi'b. 1896, i. p. 200 ; E. Harle, Vompt. rend. GH. Soc. France, 1900, p. 30 ; 0. Abel, 
Jahrb. K. A'. (Gol. Reults, 190*2, p. 24. Steenstrnp showed that the three-edged stones could not 
have been cut into their forme by river-action, Oeot. Fdren. StockKoltn, x. p. 485, xiv. p. 493. 

® See Gilbert in Wheeler's Iteport of U. S. Geograph. Surv. W. qf 100th Jleriduoi, id. 
p. 82. W. P. Blake, Pacific Railroad Report, r. pp, 92, 230. Avier. Joum. Sci. 

XX. (1885), p. 178. Naumaun, Sems Jahrb. 1874, p. 337. Cazalis de Fondouce, A woe. 
frtiMfaiw, 1879, p. 646. Erosion by the wind in Saxon Switzerland is discussed by 
R..Beck, Z. IK G. G. xlvi. (1894), p. 537. .£olian action in New England is described by 
J. H. W'oovlxxorth in the paper referred to in the previous note. Many good illustrations 
are given by Walther in the essay above cited. 
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gratliially ercxlo the shallow cavities in which they lie. On a larger 
scale this action results in the scooping out of broad shallow bisins, which 
when rain comes are turned into lakes. On the great plains of the 
United States such lakelets are abundant, having no outlets and no 
constiint inlets, usually not permanent though sometimes lasting for years, 
aful only disappearing after a succession of dry seasons. 'Fheir origin is 
to be ascribed to the action of wind on surfaces of shale l»are of vegeta- 
tion. The alternate tilling and drying up of the.se ba.sins Keep their sites 
sterile, and the wind is thus aided in de.siceating them and in sweeping the 
detritus that is produced on them by disintegration or is e.oried into 
them from the surrounding ground. ‘ 

A.s the result of the jirotracted action of wind iijum an .in*:! evjio^ed 
at onee to great drought and to rapid vicissilude.s of temperature, a 
continuous lowering of the general level takes place. The great s;indy 
deserts thus protluced represent, however, only a portion of the disintegra 
tion Vast (piantities of the finer <lust are l)()rne away Ity the wind into 
other regions, where, as will he imnn'diately pointed out, they tend to 
raise tlio general level. Again, a eonsiderahlo amount of fine dust ami 
sand, blown into the neighbouring rivers, is carried down in fheir waters. 
In inland areas of drainage, indeed, like that of Centra! Asia, this traiisjiort 
does not finally remove the riverlxu-no sediment from the hasin of 
evaporation, l)ut tends to fill up ihe hikes. Where, however, as in North 
Americ.'i, river.s cross from the desert area.s to the sea, there must be a 
permanent removal of wind-swept ‘detritu-s by tliese sti earns. In the arid 
plateaux diamed by the Colorado and its trihutarie.s, so great has lieen 
the siihaenal denudation that a thickness of thousands of fert of horizontal 
sti.ita has been nunoved from the surf.'icc of level jilains thousands of 
S(jnarc mile.>, in extent, Thi« denudation, the extent of which is attested 
by the remaining clitls and “buttes,” or outliers, of the .strata, apjiears t4i 
be ill great imeisure due to the causes here diseu.ssed, augmente<l in some 
districts by the effects of m’casional heavy storms of rain. 

In regions where the temperature sinks to the freezing-point or below 
it, much tninsport of .snow is effected by the wind. In polar latitudes, 
where snow falls not in flakes but in minute ice-nee<ile.s, it remains dry 
and pulverulent ; and as a snow-.sUjrni is often followed by a gale, the snow 
is swept oft' the frozen gnmnd, which is th«*n cx})osed to denudation 
alike by wind and by frost. \ good deal of the fine dust of rocks is thus 
pnxluced and removed. The hard ice-parlicles and the grains of stone 
wear down the surfaces of rock or fn»zen sod o\er which they are driven.'^ 
One further effect produced by air in violent motion may be seen Tn 
the destruction cruised by cyclones. Not only are houses demolished, 
with much damage to other prop«Tty ami loss of life, but j)crrnanent 
changes of more or les.s importance are produced upon the surface of a 
country. Loo.se rocks on the .surface of cliff's are hurled down, and blocks 
of .stone and loose gravel are swept away. But the most obvious effects 

^ G. K. Gilljert, Jmrn, deal. ui. j>. 47. 

- See an nitere«ting paper by Dr. (', DaviRon, V, J, (•. S, 1 . (I HIG), p. 4712. where 
imineroHs aiitlionties on the *(nbject of siiowdrift are cited. 
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are those in wooded districts, where the trees are prostrated far and near 
in the path of the storm. On the 18th and 19th of May 1883, a 
succession of hurricanes passed over the States of Illinois and Wisconsin, 
with such fury that the brick chimney of a factory was carried to a 
distance of three-quarters of a mile, an entire house was lifted into the 
air and blown to pieces, and an oak two feet in diameter was dashed 
through a house. When such a storm passes over forest -ground in 
temperate latitudes, the surface-drainage may be so obstructed by the 
fallen stems, that marsh-plants spring up, and eventually the site of a 
fore.st may be occupie<l by a peatrmoss (p. 607). 

2. Reproductive Action. — Growth of Dust. — The fine dust and 
sand resulting from the general superficial disintegration of rocks would, 
if left-undisturbed, accumulate in sUu as a layer that would serve to protect 
the still undecayed portions umlerneath. Such a layer, indeed, partially 
remains, but, being liable to continual attack and removal, may be taken 
to represent, where it occurs, the excess of disintegration over removal. 
In the vast majority of cases, however, the superficial coating of loose 
material is not due merely to the direct action of the sun’s rays and of 
the air, but in far greater degree to the work of rain, aided by the 
co-operation of plants and animals. To the layer thus variously produced, 
the name of Soil is given. Its formation is de8cril)ed at p. 459. 

That wind plays an effective part in the re-distribution of superficial 
detritus is demonstrated by every cloud of dust blown from desiccated 
ground. We only need to Uke into account the multiplying power of 
time, to realise how exton.sively the soil of a district may be lowered, or, 
in other cases, may bo replenished and heightened by the dust-storms of 
centuries. Dust and sand, intercepted by the leaves of plants, gradually 
descend into the soil, whither they are washed down by rain, so that 
oven a permanently grassy surface may be slowly and imperceptibly 
heightened in this way, and a soil may be fomed differing considerably 
in chemical composition from what would result merely from the decay 
of the subsoil. ‘ 

On the sites of ancient monuments and cities, this reproductive action 
of the atmosphere can be most impressively seen and most easily 
measured. In Europe, on sites still inhabited by an abundant population, 
the deep accumulations beneath which ancient ruins often lie are doubtless 
mainly to be assigned to the successive destructions and re-buildings of 
generation after generation of occupants. But at Nineveh, Babylon, and 
many other Plastern sites, mounds which have been practically untouched 
by man for many centuries consist of fine dust and sand gradually drifted 
by the wind round and over abandoned cities, and protected and 
augmented by the growth of vegetation.^ In those arid lands, the air is 

» C. Ocvl. Mag. 1884, p. 165. 

’ The rubbish which, id the rounie of many centuries, has accumulated above the 
foundations of the Assyrian buildings at Kouyunjik was found by Layard to be in some 
plaooi twenty feet deep. It consisted partly of rains, but mostly of fine sand and dnst 
blown flrom off the plains and mixed with decayed vegetable matter. Layard, ‘ Nineveh 
and ita Remains,' 3rd edit. ii. p. 120. See also Richthofen's ‘China,’ i. p. 97. 
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often laden with fine detntus, which drifts like snow round conspicuous 
objects and tends to bury them up in a dust-drift. In Ctmtral Asia, even 
when there is no wind, the air is often thick W'ith fine and a yellow 
sediment settles from it over everything. In Khotan an exceedingly fine 
dust sometimes so obscures the sun that even at midday tuie cannot read 
large print without a lamp. This dust, dcjwsitcd on th«‘ soil, heightens 
and fertilises it, and is regarded by the inhabitants as a kind of manure, 
without which the ground would be Iwrren.* 

Loess. — This name has been given to a remarkable dejMisit, first 
described in the valley of the Rhine, hut which hits been found to covei’ 
vast areas, both iii the Old World and the New.* It is usually a 

yellowish homogeneou.s clay or loam, un.stratifio*!, and }»resenting a 
singular uniformity of eom|>osition and structure. When earefully 

examined, its quartz-grains are found to he remarkably angular, and its 
mica-flakes, instead of being dejxtsited horizontally, as they are by water, 
occur (lisper.setlly in every |)os.sible poNition and with no definite ordor.'^ 
The chief constituent of loess is always hydnited silicate of alumina, in 
which the scattered grains of quartz and flakes of mica arc distributed. 
The deposit is somewhat Cfilrareous, the lime being her<' and there segre- 
gated into curious concretionary forms (Lo.ssmanchen, liO.sspupjieu, p, 
by the action of infiltrating water. Though a firm unstraliticd mass, it 
is traversed by innumerable tubes, formed by the descent of roots and 
mostly crusted with carbonate of lime. These have g«‘ncrally a ^('rtici^l 
position, and ramify downwards. WIutc the surface is covered with 
vegetation, they may he >teen occupied by rootlets to a <lepth of a foot or 
a few feet from tlie surface. P*y means of these j)ip(‘s a tendtmey is given 
to a vertical jointing of the mass. With these characters, the loess unites 
a remarkable peculiarity in resjiect of its organic remains, which consist 
chietly of land-shells, .sometimes in immense numbers, likewise of the 
bones of various heibivoiou.s and carni\oi<ius mammals, which aic either 
identical with or closely allied to living sjiecies that abound on siiqipes 
and gras.sy plains. FreshwaUir sliells are usually raic, and marine forms 
do not occur. Loess is found at all elevations, up to dObO feet among 
the Carpathians, HOOO feet in Shansi, (,'hina, and jHobuldy to still higher 
altitudes farther west. In hilly regions it tills up tlm valleys, shading off 
on either side up the slopes into the angular d<‘bris of the adjoining rcick. 
Elsewhere, it spreads over the surface so as completely to conceal the original 
inequalities of the ground. In N(»rthcrn China, Kiehthofcn foiiml it to 
have a thickness of 1500 or {lossihly over 200t) feet, and to be cut into 
deep valleys and precipitous ravines, with cliffs 500 feet high, which *iro 
excavated into tiers of chambers and iwis.sages by a teeming population.* 

’ Johnson's ‘‘Joiini*-y to Hohi, of Khotaii," Jmim. ,Vir. x>).vii 18(57 

p. 1. H B. Guppy, ynfure, xxiv, (1881), p. 126. 

The calcareous clays of the and regions of North America have teen l.irgfdy used fo 
the manufacture of sun-dried bricks calleil in Sjauish “adol»e," — a term which has ln-cn pro 
jtoseil as a geological designation for these deposits. I. V. Rusudl, OVo/. J/oy. 188(», p. ‘2(11, 

^ See Mr. Rasaell's paper cited in the previous note, p. 294. 

* See Richthofen’s descnption, Oeol. Ma^. 1882, p. 29'1, und his ‘Cliina,’ jilsiie cited. 
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In the arid tracts of North America the loess or “ adobe is estimated to 
be sometimes 2000 or 3000 feet thick.^ 

Various theories have been proposed in explanation of this singular 
deposit. By some it has been referred to the operation of the sea ; by 
others to the work of lakes or of rivers. But its wide extent, its 
independence of the altitude or contours of the ground, its uniform and 
unstratified character, the unworn condition of its component particles, 
and the nature of its organic remains, show that it cannot be assigned 
to the action of largo bodies of water. Richthofen propounded in 1870 
the opinion that the k^ss is mainly due to the long-continued drifting 
and deposit of fine dust by wind over areas more or less covered with 
grassy vegetation, aided by the washing influence of rain ; and this view 
has been widely accepted. More recently Dr. C. Davison has suggested 
that the loess is best explained on the supposition that it has resulted 
from snowdrift,- Where rain is distributed somewhat equally throughout 
the yejir, little dust is formed ; but where dry and wet seasons alternate, 
as in Central Asia, vast quantities of dust may l)e moved during the 
months of dry weiUher. When the dust falls on bare ground, it is 
eventually sw'ept away by the wind ; but where it settles down on ground 
covered with vegetation, it is in great measure protected from further 
transport, and thus heightens the soil.^ 

For atmospheric accumulations of this nature, Trantschold proposed 
the name eluvium. They originate in situ, or at least only l)y wind-drift, 
whereas alluvium requires the operation of water, and consists of materials 
brought from a greater or less distance.^ Ft)r wind-formed deposits the 
term “feolian" is now commonly used. 

Sandhills or Dunes.® — Winds blowing continuously upon sand 

> Ruasell, Gfd. Matj. 1889, p. 292. 

* lu the paper cited anif, p. 437. 

* Richthofen, Geol. Mag. 1882, p. 297. For some of the more important contributions 
to thU subject, see Richthofen’s ‘China,’ vola, i and ii. ; also Vcrh, Oeol. Jteirhs. 1878, 
p. 289; E. Tietze, Verh. Oeol. Reich^. 1878, p. 113; 1881, p. 37 ; Jnhrb. Oeol. Reu/is. 
1881 , p, 80; 1882, p. 11 ; 1883, p. 279; R. hinipeily, .i/iico Journ, Sa, ,xvii. (1879) ; 
S. W. Hilgard, op. cil. xviii. (1879), pp. 106, 427; 1. ('. Russell, (.'ed. Mag. 1899, pp. 
288 , 342 ; J. A. Udden, Bull. Oeol. S^>c. ix. (1897), p. 6 ; F. WahnschafTe, Z. Deuhrfi, 
Ooot. Oes, 1886 ; Jahrb. Pretm. Landeemnst. 1889, p. 328 ; A Saner, Zeit^eh. fur Xafur- 
witaenseh. Ixii. (1889); T. W. Kiogsmill, Nature, xhri. (1892), p. 30; Kingsmill and 
Skertchly, J. 0. S, li. (1896), p. 238 ; ChamlHuIiii, Journ. Oeol. v. (1897), p. 79,5 ; ('. R, 
Keyes, Amer. Joam. Sci. vi. (1898), p. 299; A. Vighno, Boll. >'/«•. Oeol. lUd. xx. (1901), 
p. 811 ; and poi>tea, Book VI. Part V. Sect. i. On the loess of Alsace, set* E. Schumacher, 
Ce^misa. Lande-auntersurk. Klsana-Lothrxngen, vol. ii, part 1. (1889), ji. 79 ; of South 
Rossia, W. F. Hume. Ged. Mag. 1892, p. 540, of the Pampa.s, S. Roth, Z. D. O. G. x). 
(1888), p. 422; 0. Nordeuskjold, OtAd. Foren. iMockholm, wii. (1901), pp 191-206, where 
the “ Painpas-formatlon ” is described. 

< Z. D. 0. 0. xxxi. p. 578. 

* For accounts of maritime sand-dunes, their extent, progress, structure, and the means 
employed to arrest their progress, the student may consult Anderssen's ‘ Khtformationen,’ 
Srro, Copenhagen, 1861 ; Laval in Anmdrs dea Fonts -ef-Ohaussfes, 1847, 2me seni. : 
Marsh’s ' Man and Nature,’ 1864, and the works cited by him ; Forchhamrncr, Eilin. New 
Phil, Journ. xxxi. (1841), p. 61; Klie de Beaumont, ‘Levons de Gi^ologie pratique,' 
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drive it onward, and pile it into irregular heajis and ridges, called 
“ dunes.” This Ukes place more cs{)ecially on windward coasts, either 
of the sea or of large inland lakea, where saiuly shores are exposed to 
the drying inHuonce of solar heat and wind ; but similar eftects may Iw 
seen even in the heart of a continent, as in the sandy deserts of the 
Sahara, Arabui, and in the arid lands of Utah, Arizona, Ac. fhe «lnnes 
travel in parallel, irregular and often continent ridges, their general 
direction being transverse to the |)revalent comae of the wind. Local 
wind-eddies cause many irregularities of form. In humid climates, rain- 
water or the drainage of small brooks is sometimes arrested lietween the 
ridges to form pools of the French coasts), where formations of 

peat occasionally take place. On the coast of Oascony, the sea for 10«' 
miles is so barred by sand-dunes that in all that distance only two out- 
lets exist for the discharge of the drainage of the interior. As fjist as 
one ridge is driven away from a beach another forms in its place, so that 
a series of huge siindy billow.s, as it were, is continually on the move 
from the sea-margin towards the interior. \ stream or river may 
temponirily ariest their progress, 
but eventually they push the olv 
Stacie aside or in front of them. 

In this way the river Adour, on 
the west cofist of France, has had 
its mouth shifted two or throe 
miles Occasionally, as at the 
mouths of estuaries, the sand is 
blown across, so as gradually to 
exclude the sea, and thus to aid 
the Huviatile deposits in adding 
to the breadth of the land. In 
Fig. 90 a stream (c e) is rejire- 
sented as crossing a plain {n) at 
the margin of the sea or of a large 
inland sheet of water, Ixmnded by 
a range of sand-dunes {h h) extending between the two lines of cliff {c g). 
The stream has been turned to its right bank by the advance of the 
dunes driven by a prevalent wind blowing in the <lircction of the 
arrows. A brook (/) has been arrested among the .Hiindy wastes, whence, 
i. p. 183; VVuikler, dong. hUernat. 1878, p. ISI. Inforniation rcganiiiif^ tlui khihIh 
of the interior of contmeiitH will be found in J*algrave’« *TrH\e]s in Arabia’ ; Trihtrarn, 
‘The Great Sahara,' 1860 ; De'jor, “ Le Sahara, hts ilitfereiiO* typen de fb-serli.,” /iti//. 

Sri. yiU. yevfdiAtel, 1864; A. Parraii, B. S. a. F. xviii. (18&0), p. 24 h ; A. Choisy, 
‘Documents relatife a la MiHNion dingoe au 8ud de I’Algerie,' 1800, p. 323 ; Captain H. 
Q. Lyons on the Libyan Desert, V- P- &31 1 I'ii- !'• ; K. Fuchs, 

Petrrmanns Mitthnl. 1879; A. Pomel, Atnw. Fran^w, 1877, p, 428; <1 Holland, 
B. S U. F., 3nie s<'r. x. p. 30, La Nature, 1882, Snc. <le (JFhj. 1890 ; Hirhthofcn's ‘China, 

L ; J. Walther’s monograph on Desert* cited ante, p. 434 ; Sven Hwlin on the deserts of 
Central Asia, Peterm. Mitth. Erganzungsheft, No. 131 (1900) ; I, C. Russell on the subaerial 
deposit* of North America, Oeol. Mag. 1889, p. 289 ; Blake, in Union par\/ic Radroad 
Rrprrl, vol. v. 
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after forming a few pools, it finds egress by soaking through the sandy 
barrier. 

The nature of the grains of sand depends on the character of the 
rocks from the destruction of which they are derived, and their form 
and size are largely regulated by the force of the wind and the relative 
share taken by subaerial and subaqueous action in their production. 
Quartz is the most frequent constituent, but the other minerals of rocks 
also occur, especially those which are most capable of resisting mechanical 
trituration. In some cases, organic remains, such as particles of shells, 
nullipores, &c., form the main mass of the sand (pp. 443, 444).^ The 
sand-grains liberated by inland subaerial disintegration ano apt to be 
more angular than those brought within the influence of the wind along 
a shore-line." 

Perfect “ ripple-marks ” (p. 642) may often be observed on blown 
fMind. The sand-grains, pushed along by the wind, travel up the long 
slopes and fall over the .steej) slopes. Not only do the particles travel, 
but the ridges also more slowly follow each other, as in P’ig. 91.^ 



Fig !M.- of RippItH In blown .sand Tho ri(lKe>» /d, W, b<, unppllt‘il in llio rtlrrction 

of tli« urrowH, W W, siiccfSNiM'Iy conio to cKTiipy tlm hollows /d, n'-J, ) 

Tho wosturn soa-boanl of Kuropo, t-xpoflcd to prevalent westerly and south-weaterly 
winds, fttfords nuiny inatriietivo (‘.xnniples of tlie.se loolian or wind • formed deposits. 
The coast of Norfolk is in .some parts fringed with sami hills .'io to (50 feet high. On 
parts of the coast of Cornwall,^ the sand consists niainiy of tiagmeiits of sliedls and 
corallines, and, through the aetmii of luin upon these calcareous p-articles, becomes 
sometimes cemented hy carbonate of lime (or oxide of iron) into a stone so compact as 
to be fit for building piirpose.s. Long tracts of blown .sand are likewi.se found on the 
Scottish and Irish* coast-lincs. Sand-dunes extend for many leagues along tho French 
coast, and thence, by Flanders and Holland, round to the shores of (Join land and 
Pomerania. On tho coast of Holland they arc aometinies, though rarely, 260 feet high 
- -a coininoii average height being 50 to 60 feet.” 

^ Mr, Russell (Ofo/. Mivj. 1880) refers to some parts of the .sands of the arid lands of 
North America as being composed mainly of the ea.ses of cyprids, blown away from the 
beds of dried-up lakes. 

* Engravings of some of the sand-grains from the Egyptian de.serts are gi\en by Walther 
in the 6.ssay already cited, 

* On the origin of ripple-mark, so fn'queiit among .sandstones, see p. 642. 

Ussher, (.kd, Mag. (2), vi. p, 307, and authoritie.s there cited. The upper parts of 
the blown sand are sometimes crowded with land-shells, the decay of which furnishes the 
cementing material ('•ee Pig. 78). 

* See Kiimhaii, Urol. Mag, viii. p. 155, 

* On the growth of Holland through the operation of the wind and the sea, see ^lie de 
Beaumont, ‘Leyon.s de (Jeologie pratique,’ i. A detailed description of the dunes of 
Holland is given b) .J. Lorie, Arch. MuMt Teylrr, ser. in vol. iii. part v. (1890), p. 375. 
A series of inland dunes in the south-west of Mecklanburg-Schwerin, l)etween Neustadt, 
Ijcuzeu and Boizeiiburg, is described by P. Sabban, MtUh. Urossherz. MecMetih. (kol. 
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The breadth of this maritime belt of aand mies considerably. Ou the east coast of 
Scotland it ranges from a few yards to 8 miles; on the opposite sjde of the North 
Sea it attains on the Dutch coast sometimes to as much as miles. The rate of pro- 
gress of the dunes towards the interior depends upon the wind, the direction of the 
coast, and the nature of the ground over which they have to move. On the low and 
exposed shores of the Day of Biscay, when not fixed by vegetation, they travel inland 
at a rate of about 16^ feet per annum, in Denmark at from 3 to 24 feet. In the course 
of their march they enveloji houses and fields , even whole paiishea and districts once 
populous have l)cen overwhelmed by them ‘ 

Along the margins of largo lakes and inland seas many of the pheiionn na of an 
exjwsed sea-coast are rejieated on a scarcely inferior scale. Among these must be 
included sayd-duiies, such as those which, reaching heights of 100 to 200 feet on the 
‘south-eastern shores of Lake Michigan, have entombed forests, the lops of flie trees 
being still visible above tlio drifting sand. Ijargc dum-s occur also on the eastern 
borders of the Caspian Sea, where the aand .spread.s ovci the desert legioii lietweeii that 
sea and the .Sea of Aral, into which latter sheet of water the spiead of the sand has 
driven the course of the Oxu.s, once a tributary of the Caspian 

In the interior of continents, the existence of vast aiid wastes <)f loose siind, situated 
far inland and remote from any sheet of fresh water, suggests curious prohlems in 
physical geography. In some instances, these tracts liave been at a comparatively 
recent geological jieriod covered by the sea. Yet the disintegiation of rofk in torrid 
and rainless regions is so great (««/c, p. 434), that the existing sand is douhtle.ss mainly, 
if not entirely; of subaerial origin. The sandy deserts of the high plateaux of Western 
North America, which have never been under the sea for a long series (»f geological 
ages, show, as we have already found (p. 437), the mode ami progress of then formation 
from atmospheric disintegration alone. In AsiA lie the vast deserts of (hdu, where in 
some places ancient cities have been buried nndei the sand.'* In Kajputana, wnie tracts 
of samly desert present a succession of nearly j)arallcl ridges or waves of sand, varying 
up to 180 feet from trough to crest, and juesenting long gentle slo|)e3 tow.iids south- 
west, whence the prevalent winds blow, but with north-eastern fronts hs steep ns the 
sand will lie,* To the east of the Red Seastreteh the great saml-wastes o( Arabia ; nnii 
to the west those of Libya. The sandy wastes of the Sahara have in lecent ycais been 
partially explored, especially by French observeis fuim the Algerian frontier. Accord- 
ing to M. Holland, the sand is entirely due to the action of the winti, and tliough there 
IS a transport of sand and fine dust, the position of the large dunes, sometimes 70 
metres in height, remains on the whole unchanged.'* In the south east of Kuro|s*, over 
the steppes of Southern Russia and the adjacent tenitories, wide areas of samly desert 
occur. Captain Sturt found vast deserts ol ><^01 in the inteiior of Austialia, with long 
bands of dunes 200 feet high, united at the base and stietchiiig in straight lines as far 
as the eye could reach. 

Some of the most remarkable leolian foimalions aie in course of ai cumulation at 
Bermuda and other coral-islands.*' The finei foral-saml, with remains of sliells, 

Ijtnd<mn$t. viii. 1897, Tlie .same essay contains a (lisrossion of ilje muiei.'tloga al coinpoHj- 
tiou of diluvial and alluvial s-anils, and Uie metlto<i.s of distinguishing tliern. Foi an ai count 
of the sand-dunes of Western Eunrpe, see W. To[*lc\, pop. tSrmuf Itn-. xiv. (18/5), )>. 133, 

* This destnictioii has more recently Wen averted to a great extent by thi* planting of 
pine forests, the turpentine of which !ia.s la-come the source of a large revenue. 

* For information regarding the Central Asiatic wastes, see the works cited on p. 441 ; 
also Tchihatchef, /frd, Assor. 1882, p. S.'iO ; T. I). Forsyth, Jmtrn. Jloy. (Juty. ,*< 01 . xlvii, 

(1878), p. 1. 

^ Major C, Strahan in ‘ Report of Survey of Imlia,’ 1882-83. 

* G. Rollaiid and A. Parran, In the memoits eit<sl on p. 441. 

' Nelson, Q. J. ^Vo/. 80 c. ix. p. 200. Wyville Thomson’s ‘Atlantic,’ vol. i. A, 
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echinodcnns, calcareous algte, and other organisms, is driven by the wind into dunes, 
the surface of which by the action of rain-water soon becomes cemented into coherence, 
while hy degrees the whole mass of calcareous debris is converted into a hard compact 
rock which rings under the hammer. The highest point of Bermuda is 245 feet a^ve 
the sea, and the whole land up to that height is composed of these hardened calcareous 
leolian deposits. As the land has subsided, these rocks have sunk to some extent below 
sea-level, and are i\ow cut by the wave.s into shore-cliffs, islets, reefs and stacks. On 
the coast, between the mouth of the Indus and the pehinsula of India, masses of lime- 
stone have lieen formed by the blowing aijhore of foraminifera, which have been rolled 
and polished by the wind and have accnmulated in masses that can be quarried for 
building purposes.’ 

Dust-showers, Blood-rain. — Besides the universal try>nsport and 
deposit of dust and sand already described, a phenomenon of a more 
aggravated nature is observed in tropical countries, where great droughts 
are succeeded by violent hurricanes. The dust or sand of deserts and of 
dried lakes or river-beds is then sometimes borne away into the upper 
regions of the atmosphere, where, meeting with strong aerial currents 
which may transport it for many hundreds of miles, it descends again to 
the surface, in the form of “red fog,” “sea dust,” or “sirocco-dust.”^ 
This transported material, usually of a brick-dust or cinnamon colour, is 
occasionally so aburidarit as to darken the air and obscure the sun, and 
to cover the decks, sails, and rigging of vessels which may oven be 
hundreds of miles from land. Rain falling through such a dust-cloud 
mi.xes with it, and descends, either on sea or land, as what is popularly 
called “ blood-rttin.” Occasionally the dust is brought down to the 
surface of the gi'ound hy snow. 

This phenomenon is frequent on the north-west of Afriea, about the Cape Verd Islands, 
in tho Mediterranean and over the bordering countrie.s. A microscopic examination of 
this dust by Khronberg led him to tho belief that it contains numerous diatoms of South 
American sticoies ; and lio inferred that a dust-cloud must bo .swimming in tlie atmo- 
sphere, carried forwaid by continuous currents of air in tho region of tlie trade-winds and 
anti-trades, but sufTering jmrtial and periodical deviations. Hut much of the dust seems 
to come from the sandy plains and desiccated pools of the north of Africa. Daubr4e 
recognised in 1865 some of the Sahara sand which fell in the Canary Islands. On the 
coast of Italy, a film of sandy clay, identical with that from parts of the Libyan desert, 
IS oeeasionally found on windows after ram. In the middle of last century an area of 
Northern Italy, estimated at about 200 square leagues, was covered witli a layer of dust 
which ill some places reached a depth of one inch. In 1846 the Sahara diust readied 
Lyons, and it is said to have been since detected as far a.s Boulogne .sur-Mer.'* Should the 

Agassiz, Bull. Jfiw. Comp. Xm>l. Jlurranl, \xvi. (189.5), p. 221, where some good photographic 
views of the icolian deixisits will be found. See aKo A. E. Verrill, Am. Jtmrn. iki. ix. 
(1900), p. 313, where a bibliography of the Bennuda.s is given. The leolian accnniulation.s 
of the Florida Keys are noticed by A. Agassiz, Bull. Mus. C-mp. Ziml. Ifarmrd, xxviii. 
(1896), p. 45 ; the leolian sandstones of Fernando de Noronha by J. C. Braiiuer, Am. Joum. 
AW. x.\.\ix. (1890), p. 247. 

’ F. Chapman, Q. J. 0. S. Ivi. (1900), p. 584. 

* For illustrations see J. Milne, A’a/wre, xlvi. (1892), p. 128 ; Ivii. (1898), p. 463. 

^ A remarkable example occurred in March 1901, when a vast amount of dust wm 
carried from the desert south of Algeria across Europe into Russia. It is estimated that not 
less than 1,800,000 tons of fine sand and dust were then transporteil, two-third.s of which 
fell to the south of the Alps. See Professor Rucker, Aafure, Ixni. (1901), p. 514 ; Ixiv. p. 



BKCT. i § 1 


TRAMPOBT BY WIND 


445 


travelliug dust encounter a cooler temperature, it may be brought to the ground by snow, 
as has happeueti in the north of Italy, and more notably in the cast and south-east of 
Kussia, where the snows are sometimes rendered dirty by the dust raised by winds on the 
Caspian stepjies.* It is easy to see how widespread deposits of dust may arise, mingled 
with the soil of the land, and with the silt and sand of lakes, nvcis, or the w'a ; and 
how the minuter organisms of tropical regions may thus como to lie prest'rve<l iu tlie same 
formations with the terrestrial or marine organisms of temperate latitudes.’* 

The transjxirt of volcanic dust by wind, already rcferriHl to (p. 29'2), may again 
cited bent, as another example of the geological work of the atmosphcie. Tlm.s, Iroin 
the Icelandic eruptions of 1874-75, vast showers of fine ashes not only fell on Iceland to 
a depth of six inches, dtstroying the posture.s, but wcie borne over the sea and across 
Scandinavia the east coast of Sweden.* The romaikablo snn.sels of Kurofas duniig tin* 
winter and spring of 1883-84 are ascribed to the difTusion of the tine dust from the great 
Krakatoa eruption of August 1883 (p. 293). Considerable deposits of volcanic nmtorial 
may thus bo formed, in the course of time, even far remote from any active volcano. 

Triinsportation of Plant.s and Animals. --Ikssidcs the transport 
of dust for distances of jierhaps thousands of niile.s, wind may also trans- 
port living seeds or spores, which, tinally reacliing a congenial climate 
and soil, may survive and spread. We are yet, however, very ignorant as 
to the extent to which this cause has actually ojterated m the establish- 
ment of any given lociil flora. With reganl to the iniimto forms of 
vegeCible life, indeed, there can be no doubt as to the etticacy of the 
wind to transport them across vast disUinces on the surface of the globe. 
Upwards of 300 species of diatoms hiive been found in the deposits loft 
by (lust-showers. Among the millions of organisms thus transported 
it is hardly conceivable that some should not fall still alive into a fitting 
locality for their continued existence and the perpetuation of their species. 
Animal forms of life are likewise diffused through the agency of winds. 
Insects and birds are often met with at sea, many miles distant from 
the land fn^m which they have been blow'n. Such organisms are in this 
way introduced into oceanic islands, as is w(dl shown in the case of 
Bermuda. Hurricanes, by which large (juantities of water are sucked 
up from lakes and rivers over which they jKiss, may also transport part 
of the fauna of these waters to other localities. 

Efflorescence Products.— Among the formations due in large 
measure to atmospheric action must he included the saline efflon^scences 
which form upon the ground in the dry interior basins of continents. 
The steppes of Southern Russia, and the plains round the. (ireat Salt 
liake of Utah, may be taken as illustrative examples. ^\ater, rising by 

30 ; 8. Meuiuer, Ciftnpt. rend, cxxxii. (1901), p 894 ; Kb-in, Sd'A Jifrhn Akiul. No. xxxi. 
(23'rd May 1901), p. 612. G. Hellmaiiu and W. Meinardua {Ahhandl. K. Prrusi,. Mehorff. 
Inst. li. No. 1. (1901)) have given a detailed account of thw lall. 

‘ Ckmsult an intei eating paper by C. von ('ainferlaiuler on «now with dual which fell in 
Silesia, Moravia and Hungary in Feliruary 1888, Jakrb. <Jed. Itriehsand. xxxviii. (1888), 
p. 281 ! See also C. Abbe, UniUd States Monthly Weather Revuw. January 1896. 

» ic Humboldt on dust whirlwinds of Orinoco, ‘ Aspects of Nature ’ ; also Maury, ‘ Phy s. 
Geog. of Sea,' chap. vj. ; Ehreuberg’s ‘Pasaat-SUub und Blut-Regen,' Berlin Akad. 1847. 
A von Lasaulx on so-called “cosmic dust," Tschennak’s Mineral. Mitlheii. 1880, p, 517. 

* 3 Nordenskjold, ded. Mag. (2), iii. p. 292. F. Zirkel, Neiuu, Jahrb. 1879, p. 399. 
G. vom Rath, ibid. p. 606 ; and ante, p. 295. 
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capillary attraction through the soil to the surface, is there evaporated, 
leaving behind a white crust, by which the upper portion of the soil is 
covered and permeated. The incrustations consist of sodium-chloride, 
sodium- and calcium-carbonates, calcium- sodium- and potassium-sulphates 
in various proportions, these being the salts present also in the salt lakes 
of the same regions (p. 526).^ 

§ 2. Influence of the Air on Water. 

The results of the action of the air upon water will be more fitly 
noticed in the section devoted to Water. It will be enough to notice hero — 

1. Alteration of the Water-level. — Variations in atmospheric 
pressure give rise to considerable fluctuation.s of the surface of large 
inland sheets of water, and even of the water-level and discharge of 
springs.- Ibipid and great diminution of atmospheric pres.sure may also 
cause a rise in the level of the sea and produce great destruction (p. 502). 

Again, wind blowing fro.shly across a lake or narrow sea drives the 
water before it, and keeps it temporarily at a higher level on the farther 
or windward side. Where a strong wind blows for some time along the 
length of a long lake, the rise of water-level from this cause may allow 
the waves to do a good deal of destruction to earth-banks, or even to 
walls and buildings. In vast lakes like those of North America, the 
amount of waste thus caused is often considerable. In a tidal sea, such as 
that which surrounds Great Ilritain, and which .sends abundant long arms 
into the land, a high tide and a gale arc somctinies synchronous. This 
conjunction makes the high tide ri.se to a greater height than elsewhere 
in those bays or firths which look windward, occjvsionally causing consider- 
able damage to property by the Hooding of warehouses and stores, with 
even a sensible destruction of cliffs and sweeping away of loose materials. 
On the other hand, a wind from the oppo.site quarter coincident with an 
ebb tide, by driving the watei* out (»f an ijilct, makes the water-level lower 
than it would otherwise be. In itdand seas where tides are small or im- 
perceptible, and on largo fresh water lakes (p. 522), considerable oscilla- 
tions of water-level may arise from the action of the wind. At Naples, 
for example, a long-continued south-west wind raises the level of the water 
several inche.s. Great destruction is sonietime.s caused by the rise of sea- 
level during cyclones (p. 502). 

2. Ocean Currents. — These are mainly dependent for their existence 
and direction on the circulation of the atmosphere. The in-streaming of 
air from cooler latitudes towards the equator causes a drift of the sea- 
WUter in the siune direction. As, owing to the rotation of the earth, 
these aerial currents tend to take a more and more westerly trend in 
approaching the equator, they communicate this trend to the marine 
currents, Avhich, likewise moving into regions wdth a greater velocity of 

* On eftlori*sc«nco of Orent Salt Lake region, see E.rph>iatnm of ^Oth Pumlkl, i. sect. v. 
Consult al.so E. Tiet^e, “ Kntstehung der Salz.^te^>pen," Jahrb. Geol. Rexclmuist, 1877 ; and 
H. le Clmteher on tlie salt-cinsts of Algeria, Comptes rend. Ixisiv. p. 896. 

'■* S. Gunther, “Lnftdrnrksch\\!inkHngeu in ihrom Eintluj.se auf die festeii und fliissigen 
'Bestandtlieile der ErdolH'rtla<*hc,” Geriand’s Ikitn'ige iieophys. ii. p. 71. 
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rotation than their own, are all the more impelled in the mae westerly 
direction. Hence the dominant equatorial current which flows westward 
across the great ocean. Owing, however, to the jK)sition of the continents 
across its path, this great current cannot move unintt'rruptedly round the 
earth. It is split into branches which turn to right and left, atnl, bathing 
the shores of the land, carry some of the warmth of the tropics into inoro 
temperate latitudes. Return currents are thus generated from coi>!er 
latitudes towards the equator (p. 558). 

3. Waves. — The impulse of the wind upon a surface of water throws 
that surface into pulsations wrhich range in size from mere rijjples to huge 
billows. Irf)ng-continued gales from the seaward upon an exposed coast 
indirectly effect much destruction, by the formidalde battery of billow;- 
which they bring to bear upon the land (p. 5(37), Wave-action is like- 
wise seen in a marked manner wdien wind blows strongly aeruss a broad 
inland sheet of w'ater, such as Lake Superior (p. .523). 

Section ii. Water. 

Of all the terrestrial agents by whieb the surface of the earth is 
geologically raoditied, liy far the most inqiorUint is water. We have 
already seen, when following hypogene changes, how' large a share is 
taken by water in the phenomena of volcanoes and in other suliterranean 
proccs.ses. Returning to the surface of the earth and watching the 
operations of the atmosphere, we soon learn liow imjxn-Unt a jwirt of 
these is sustjiined by the aqueous vapour that pervades the atinosjihere. 

The substance wdiich wc term w'atcr exists on the earth in three well- 
know'll forms — (1) gaseous, as invisible vapour : (2) )i<|uid, as water ; and 
(3) solid, as ice. The gaseous form has already l>een noticed as one of 
the characteri.stic ingredients of the atmosphere (j). 37). Vast quantities 
of vapour are continually rising from tlie surface of the seas, rivers, lakes, 
snoW'fields, and glaciers of the woild. This vapour remains invisiljlo 
until the air containing it is e(X»led down Iwlow' its dew’ {x>itit, or point of 
saturation, — a result which follows upon the union or collision of two 
aerial cnrreiits of difl’erent tem^ieratnie^i, or the rise of the air into the 
upper cold regions of the atinosphcie, where it is chilled by exjiaiision, 
by radiation, or by contact w'ith cold mountains, (’ondensjition apjie^-ws 
only to bake place on free surfaces, and the fonuatnm of cloud and mist 
is explained by condensation u)>on tin* Hue microscopic dust of which the 
atmosphere is full.^ At Hi-st minute particles of water vapour apjx*ar, 
which either remain in the liquid eondition, or, if the temperature rfs 
sufficiently low', are frozen into ice. As these changes take jilace over 
considerable spaces of the sky, they give t ise to the phenomena of clouds. 
Further condensation augments the size of the eloudqxirticles, and at last 
they fall to the surface of the eiirlh, if still liquid, ;is rain ; if solid, as 
snow or hail ; and if partly solid and |)artly li(juid, as sleet. As the 
vapour is largely raised from the ocean-surface, so in greait measure it falls 

^ Coulicr and Maacart, Natur/orncher. 187.'», p 400. Aitken, J'ror. Iloy. ,V. Edtn, 
1880 and 1891. 
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back a^in directly into the ocean. A considerable proportion, however, 
descends upon the land, and it is this part of the condensed vapour which 
we have now to follow. Upon the higher elevations it falls as snow, and 
gathers there into snow-fields, which, by means of glaciers, send their 
drainage towards the valleys and plains. Elsewhere it falls chiefly as 
rain, some of which sinks underground to gush forth again in springs, 
while the rest pours down the slopes of the land, swelling the brooks and 
torrents which, fed both by springs and rains, gather into broader and yet 
broader rivers that bear the accumulated drainage of the land out to sea. 
Thence once more the vapour rises, condensing into clouds and rain to 
feed the innumerable water-channels by which the land is furrowed from 
mountain-to}) to seashore.^ 

In this vast system of circulation, ceaselessly renewed, there is not 
a drop of water that is not busy with its allotted task of changing the 
face of the earth. When the vapour ascends into the air, it is com- 
paratively speaking chemically pure. But when, after being condensed 
into visible form, and working its way over or under the surface of the 
land, it once more enters the sea, it is no longer pure, but more or less 
loaded with material taken by it out of the air, rocks or soils through 
which it has travelled. Day by day the process is advancing. So far 
as wo can toll, it has never ceased since the first shower of rain fell 
upon the earth. We may well believe, therefore, that it must have 
worked marvels upon the surface of our planet in past time, and that it 
may effect vast transformations in the future. As a foundation for such 
a belief let us now inquire what it can be proved to be doing at the 
present time. 

§ 1. Kain. 

liain effects two kinds of changes upon the surface of the laud. ( 1 ) 
It acts chemimlly upon soils and stones, and, sinking under ground, 
continues, as we shall find, a great series of similar reactions there. (2) 
It acts mccfuinimlly^ by washing away loose materials, and thus jxiwer- 
fully affecting the contours of the land. 

1. Chemical Action. — This depends mainly upon the nature and 
proportion of the substances abstracted by rain from the air in its 
descent to the earth. Rain absorbs a little air, which alwa 3 ’s contains 
carbonic acid as well as other ingredients, in 'addition to its nitrogen 
and oxygen (p. 37). Ibiin thus washes the air and takes impurities 
out of it, by means of which it is enabled to work many chemical changes 
«liat it could not accomplish were it to roach the ground as pure water. 

Composition of Rain-water. — Numerous analyses of rain-water 
show that it contains in solution about 25 cubic centimetres of gases 
per litre.- An average proportional percentage is by measure — nitrogen, 

* For estimates of the distribution of raiu orer the glolie, see Murray, Scottish Gcot, Mag, 
1887 ; Supan, PrUmann, Mittheil, Ergiuizuugsheft, No. 124, 1898. 

* Baumert, Ann. Chtm, Phann. Ixxxviii. p. 17. The proportion of carlwnic acid found 
by Pellgot was 2 4. See also Bun.seu, op. nt. xchi. p. 20 ; Roth, ‘Chem. Geol’ i. p. 44 ; 
Angtis Smith, ' Air and Rain,’ 1872, p. 226. 
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64'47 ; oxygen, 33*7({ ; carbonic acid, 1*77. Carbonic acid being more 
soluble than the other gases, is contained in rain water in projkn tions 
between 30 and 40 times greater than in the atmosphere. Oxygen, 
is more soluble than nitrogen. These diffcix'iices accjuiix? n con.sidi'niliie 
importance in the chemical operations of rain. Other siilvstaneeh are 
present in smaller (piantities. Jn England tluMe is an average of 3 ‘h^) 
parts of solid impurity in 100,000 iwnts of rain.* Nitric acid somotiu ‘s 
occurs in marked proimrtiom^ : at Hale it nas found to reach a maxiirurn 
of 13'6 parts in a million, with 20* 1 parts of nitrate of ammonia.'* 
Sulphuric acid likewi.se wcui-s, especially in the rain of towns and 
manufacturing districts.' Sulphate.s of tin- alkalies and alkaline earths 
have been detected in rain. P»ut the most ahundant salt is chloride of 
sodium, which appears in marked proportions on coasts, as well as in 
the rain of towns and indu.''trial districts. Pain taken at the Land’s 
End in Cornwall during a .strong .south-\\eht wind was found to contain 
21 80 of chlorine, or 3 r>91 parts of c<*inmoii .s.dl, in every 10,000 of 
rain. The mean proportimi of chlorine over England is almnt 0 022 in 
every 10,000 [larts of rain ; at Ootac.amnnd 0 ()03 to 0 004.* 

In washing the air, rain carries down also inorganic particles or 
motes floating there ; likewise «)rganic dn.st and living germs.'* As the 
re.sult of this process the soil comes to lie not merely watered hut 
fertili.sed hy the lain. Angu.s Smith cites the experience of .1. *1. I'ierrc, 
who found hy analysis that in the neighhourhoo<l of Laen, in France, 
a hectare of land receives amiuallv from the atmosphere hy means 
of rain : — 

' /{ireiK I’olliditm (’uminusttuti, C//< Itep. |i ‘J'.l 

- Un tlip intliiencf of nitrification. ‘•c<* Miint/.. .nul. ox. (18y0), p. 1370 

‘ Tlic ocdirreiioo of snlplmu'' luul nilru ju'mIh in tin* air, cipei lall) iioticoalile in lar^o 
towns, leails to loii'.wloialilo o(*iroMon of inetaliK MiifiKos, ;is wol! as of stom! and lune, 
The mortar of walls irin\ oltoii 1 h oKM-n»*<l to l-o slowh swelling out ami dropping oil, 
owing to the conversion of the lime into siilpliate. (Jieiit iiijiiri is likewise done, from a 
similar cause, to luarMe iiiouuun'nts in evjiOM'd graseyanK. See Angus Hrriitli, ‘Air and 
Ram,’ p. 444. A. (1 , /tov. hUhii. 1879-80, i» f»lH. 

* Angus Smith, ‘Air and lUiii.' Htrem /‘oHnfioti i'ouumsinAni, Uth Rip. 1874, ji 4‘J5. 
During a westmly gale on the Atlantic toasts <tf Uiitam, when the sea is white with foam, 
the air, elsewhere clear, ma\ la* .seen to l»e tpiite misty .ilongsliore troni the clouds of tine 
iipray swept by the wind from tlie cle^t.s of the breakers This salt water dust is liorne 
far inlantl. From tlie iii\estigations carrietl on at the Agricultural l^alsiratory, Hotbiirnsled, 
it appears that the average pro(>ortioii of chlorine is 2 01 jier million parts of rain, which 
in a rainfall of 3r65 inches is equal to a diseiiaige <if 24 lbs. of pure sodium cbloriiie per 
acre. At Cirencester, wlieie the rainfall is :13'31 inchea, the prtijiortion of elilorine is 3‘2f 
|»er million, winch i.s equivalent to 40 3 ll>s. of Hfslmm chloride per acre. K. Wanngtoii, 
Jnurtt. Vhem. Sue. 1887, p. 502. 

* Among the inurgauu contents of lain and snow, fine terrestrial dust and spherules of 
iron, probably in part of oosinic origin, have been ajieciaJly noted. See authorities cited 
anU, p. 93 ; A. von I.tfiaaul\ and C, Abl*, a» citeil on p. 446. On the geological significance 
of cosmic materials that fall to the earth’s aurface, nee A. E. Nordenakjold, ‘Htudier wh 
Porskningar Foranledda af mina Rcaor i H<4ga Nordeit,’ Stockholnu 1883. The organic 
matter of rain is repealed by the putnd smell which long-kept ram- water gives out. 

“ Angus Hmith. ‘Air and Ram.’ p. 233. 
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Not only rain, but also dew and hoarfrost abstract impurities from 
the atmosphere. The analyses performed by the Kivers Pollution 
Commission show that dew and hoar-frost, condensing from the lower 
and more impure layers of the air, are even more contaminated than 
rain, as they contain on an average in England 4 87 parts of solid 
impurity in 100,000 parts, with 0*198 of ammonia.^ 

It is manifest that rain reaches the surface by no means chemically 
pure water, but having absorbed from the air various ingredients which 
enable it to accomplish a series of chemical changes in rocks and soils. 
So far as we know at present, the three, ingredients which are chiefly 
effective in these operations are oxygen, carbonic acid and organic 
matter. As soon as it touches the earth, however, rain-water begins to 
absorb additional impurities, notably increasing its proportion of carbonic 
acid and of organic matter, from decomposing animals and plants. 
Among the organic products most efficacious in promoting the corrosion 
of minerals and rocks are the so-called ulmic or humou.s substances that 
form with alkalies and alkaline earths soluble compounds, which are 
eventually converted into carbonates.'^ Hence as rain-water, already 
armed with gases absorbed from the atmo.sphcre, fuoceeds to take up 
these organic acids from the soil, it is endowed with considerable 
chemical activity oven at the very beginning of its geological ciireor. 

Chemical and mineralogical changes duo to Rain-water. — 
In previous pages, it was pointed out that all rocks and minerals are, 
in varying degrees, porous and permeable by water, that probably no 
known substance can, under all conditions, resist solution in water, and 
that the subsequent solvent power of water is greatly increased by the 
solutions which it effects and carries with it in its progress through 
rocks (pp. 410, 411). The chemical work done by rain may be con- 
veniently considered under the five head.s of Oxidation, Deoxidation, 
Solution, Formation of Carbonates, and Hydration. 

1 . Oxidation — The prominence of oxygen in rain-water, and its readiness 
to unite with any substance that can contain more of it, render oxidation 
% marked feature of the passage of rain over rocks. A thin oxidised 
pellicle is formed on the surface, and this, if net at once washed off, ii^ 
thickened from inside until a crust is formed over the stone, while at 
the same time the .common dark green or black colour of the original 
rock changes into a yellowish, brownish, or reddish hue. This process 

> Hitvrs PoUiUum Commission, 6th Rep. p. 32. 

^ Senft, Z. Deutsch, Oeol. Oes. ixili p. 665, xxvi. p, 954, This subject has been well 
treated in a paper by A. A. JuUen, “On the Geological Action of the Humus Acidi” 
{Proc. Amer. Assoc, xxviii. 1879, p. 811), to which further reference is made in later fttgect 
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is simply a rusting of those ingredients which, like metallic iron, have 
no oxygen, or have not their full complement of it. The fcrrotis «nd 
manganous oxides so frequently found os constituents of minerals are 
specially liable to this change. In hornblende and augite, for example, 
one cause of weathering is the absorption of oxygen by the iron and 
the hydration of the resultant peroxide. Hence the yellow and brown 
sand into which rocks abounding in these minerals are apt to weather. 
Sulphides of the metals give rise to sulphates, and sometimes to the 
liberation of free sulphuric acid. Iron disulphide, for example, becomes 
copperas, which on oxidation of the iron gives a precipitate of limonite, 
with the esc^ape of free sulphuric acid.^ 

2. Deo.mat'mi. — l^Jiin becomes a mlucing agent by absorbing from 
the atmosphere and soil organic matUT which, having an allinity for 
oxygen, decomposes peroxides and reduces them to j)rotoxide8. This 
change is especially noticeable among iron-oxides, as in the familiar white 
.spots and veinings so common among red samlstones. These nxks are 
stained red by ferric oxide (h;ematiU‘), which, reduced by decjiying 
organic matter to ferrous oxide, is usually removed iu solution as an 
organic salt or a carlwnatc. When the deoxidation takes place round 
a ’fragment of plant or animal, it usually extends as a eircular spot ; 
where water containing the organic matter permeates along a joint or 
other divisional plane, tlie decoloration follows that line. Another 
common effect of the presence t»f organic matter is the i eduction of 
sulphates to the state of sulphides, (lypsum is thus decomposed into 
sulphide of calcium, which in wat<*T leadily gives calcium cai Inmate 
and suliihuretted hydrogen, and the latter by oxidation leaves a deposit 
of sulphur. Hence from original hed.s of gyp.sum, layers of limestone 
and sulphur have been formed, as in Sicily and elsewhere (p. Oil).- 

3. Solution . — A few minerals (halite, for example) are readily soluble 
in water without chemiail change, and without the aid of any inter- 
mediate element; hence the copious brine-springs of siilt regions. In 
the great majority of cjises, however, solution is effected through the 
medium of carbonic acid or other reagent. Limestone is soluble to the 
extent of about 1 part in 1000 of water saturated with carlsinic acid. 
The solution and removal of lime from the morUr of a bridge or vault, 
and the deposit of the material so removed in stahictites and sUlagmites 
(pp. 191, 475), likewise the rapid effacement of marble epiUiphs in our 
churchyards, are instances of this solution. It has l)een shown that in the 
atmosphere of a large town, with abundant coal-smoke and rain, cxjK)8ed 
inscriptions on marble become illegible in half a century. Pfalf deter^ 
mined that a slab of Solenhofeii limestone, 2520 sqiuire millimetres 
in superficies, lost in two years, by the solvent action of rain, 0180 
gramme in weight, in three years 0*548, the original jx)li8h being 
replaced by a dull earthy surface on which fine cracks and incipient 
exfoliation began to appear. Taking the specific gravity of the stone at 

* The decotnpoihtion of Iron-pyritea hM been the subject of detailed study by A. A, 
Julien, Ann. New York Acad. Sci. vol. iii pp. 866-404; iv. pp. 126-224. 

® The reducing action of organic acids is farther descriV^ed in Hection iu, p. 598. 
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2 '6, the yearly loss of surface amounts to millimetre, so that a crag 
of such limestone would be lowered 1 metre in 72,800 years by the 
solvent action of rain.^ J. G. Goodchild, from observations of dressed 
surfaces of Carboniferous limestone in the north of hlngland, has inferred 
that these surfaces have been lowered at rates varying from one inch 
in 240 years to the same amount in 500 years.- Dolomite is much 
more feebly soluble than limestone. As rain-water attacks the carlwnate 
of lime more readily than the carbonate of magnesia, the rock is apt to 
acquire a somewhat porous or carious texture, with a corresponding 
increase in the pro[>ortion of its magnesian carbonate. Eventually the 
latter carbonate is dissolved and re-deposited in the pores ^ 9 f the rock, 
which then assumes a characteristic crysUilline aspect. Among the 
sulphates, gypsum is the most important example of solution. It is 
dissolved in the proportion of about 1 jwrt in 400 parts of water. 
Even silica is abstracted from rocks by natural waters.-’ 

4. Fornmtim of Carhmiutcs . — Silicates of lime, poUsh, and soda, with 
the ferrous and manganous silicates which exist so abimdantly in rocks, 
are attacked by rain-water containing carbonic acid, witli the formation 
of carbonates of these bases and the liberation of silica. The felspars 
are thus decomposed. Their crystals lose their lustre and colour, 
becoming dull and earthy on the outside, and the change advances 
inwards until the whole substance is converted into a soft pulverulent 
clay. In this decomposition the whole of the alkali, together M-ith 
about two-thirds of the silica, is r,emoved, leaving a hydrous aluminous 
silicate or kaolin behind. But the rapidity and completeness of the 
process vary greatly, especially in proportion to the abundance of 
airbonic acid. Where it advances with sufficient slowness, most of the 
silica, after the abstraction of the alkali, may be left behind. In the 
case of magnesian minerals (augite, hornblende, olivine, &c.) the 
silicates of magnesia and alumina, being leas soluble, may remain as a 
dark brown or yellow clay, coloured by the oxidation of the iron, while 
the lime and alkalies are removed.^ Evidence of the progress of these 
changes may be obtained even for some distance from the surface in 
many massive rocks. Diabase, bitsalt, diorite, and other crystalline 
rocks, which may appear to be quite fresh, will often reveal, by the 
effervescence produced when acid is dropj)ed on their newly broken and 
soomingly undecomposed surfaces, that their silicates have been attacked 
by meteoric water and have been partially converted into carbonates.^ 

5. Hydraiwn. — Some anhydrous minerals, when exposed to the 


^ Pfuff, Z, Deutsch. (tt'of. O'es. x\iv. |i. 405; autl ‘ Allgeineine GooIokh? aN e.vacte 
Wieaenschaft.' p. 317. Roth, ‘ Allgt-meiiif inul Chem. Geol.’ i. p. 7U. A. G., Pror, Roy, 
Edin. \. 1879-80, j.. 518. Ueol. Mmj. 1890, p. 466. 

* Ou thi* solution of silica under atmospheric conditions, see C. W, Hayes, IhiU, Amr. 
Oed. Soc. viii. (1897), pp. 213-220. 

< Roth, op. ot, i. p. 112. 

® R. MUIUt. investigating the corrosive influences of carl>ouated water upon minerals 
and rtxks, has sh6wn that even in .seven weeks so much mineral matter is dissolved as 
to be capable of being ipiantitatively determined. T^xhemak’s Mitthcil. 1897. 
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action of the atmosphere, absorb water (become hydrous), and may then 
bia more prone to further change. Anhydrite becomes, by addition of 
water, gypsum, the change being accompanied by an increase of bulk 
to the extent of about 33 per cent Local uplifts of the ground and 
crumpling or fracture of rocks may sometimes be caused by the hydration 
of subterranean beds of anhydrite (p. 400), Many substances on oxidising 
likewise become hydrous. Tlie oxidation of ferrous oxide in damp air 
gives rise to hydrous ferric oxide, with its characteristic yellow and 
l)rown colours on weathered surfaces. 

AVeathering. — This tenn expresses the general result of all kinds 
of meteoric*action upon the superficial parts of rocks. As these changes 
almost invariably lead to disintegration of the surface, the word weather- 
ing has come to be naturally associated in the mind with a loosened, 
crumbling condition of stone. But the infiuence of the atmospheric 
agents is not invariably to destroy the coherence of the integral jmrticles 
of rocks. In some cases, stones harden on exposure. Certain sandy 
rocks, for example, like the “grey wethers" (p. IGa), and scattered 
Tertiary blocks in the Ardennes, become under meteoric infiuenco a 
kind of lustrous (juartzitc. In other cases there may be more complex 
molecular re-arrangement.s, such ;is those remarkable transformations to 
which Brewster first called attention in the case of artificial glass.* He 
showed that in thin films of decompo.sed glass, obtained from Nineveh 
and other ancient sites, concentric agate-like rings of <levitrification are 
formed round isolated points, clo.sely analogous to those above descrilied 
lus artificially produced by the action of healed alkaline waters (p. 411), 
and that groups of crystals or crystallites, “jirobably of silex," are 
developed from many independent jM>ints in the tleeomposing layer. 
Coloured films indicative of incipient decomposition have l)cen observed 
on surfaces of glass exposed only to the air of the atrao8j)horo for twenty 
or thirty ycar.s. Brilliantly iridescent films have l>een produced on the 
glass of windows exposed for not more than twenty years to the air 
and ammoniacal vapours of a .stable.- That similar trausfonnations take 
place in the natural silicates of rocks seems in the highest degree 
probable. They may form the earlie.st .stages of the change to the 
usual opacpie earthly decomposing crust, in which, of course, all trace 
of any stnicture developed in the preliminary weathering is lost.'* 

As the name denotes, ^^eatllering is de|>eud(‘iit on meteorological conditions, and 
varies, even in the same rock, as these conditions change, but is likewise almost 
•infinitely diversified according to the structure, texture and composition of the rocks 
on which it acts.'* In humid and temperate climates, it is mainly duo to the combing 

* Tntns. Roy. Soi\ E>Ua. xxii. 607; xxlil. 1911. o/i/e, p. 414. 

* This fact was oltserved hy my friend the late Mr. P. Dudgeon, of r'argen, in an Ill- 
ventilated cow-house, and I have seen the plate.s of glass reiiioved from the windows. The 
process of decay in glass has been treate<l of in great detail Uy Mr, James Fowler, Ttom, 
Soc. Antiq^iaries, xlvi. (1879), pp. 65-162. 

* jleference may be made her* to the liquid Inclusions already alluded to as developed 
in felspar daring the decomposition of gneiss, unit, p. 145. 

^ Mr. G. P. Merrill haa written ably on the subject of weathering. See his “ Principles 
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infla«nde of r«in And aanihine. Satunted with rain-mter, wfaioh dissolves more or 
less of Any solnble constituents that may be present, and thereafter exposed to«the 
desiccating and expanding influence of the warm rajs of the sun, rock surfaces are 
disintegrated, breaking up into angular fragments or crumbling into dust. ^ In high 
mountainous situations, as well as in lower regions where the temperatuje falls below 
the freezing -[wint in winter, weathering is in large measure caused by the action of 
frost (p. 531) ; in arid lands subject to great and rapid alternations of temperature, it 
may be mainly due to the strain of alternate expansion and contraction, and the 
mechanical action of the wind (p. 434 ef seq.). 

Mere Inirdncss or softness forms no sure index to the comparative power of a rock to 
resist weathering. Many granites, for instance, weather to clay, deep into their mass, 
whilo much .softer limestones retain smooth, hard surfaces. Nor is the depth of the 
weatliered surface any better guide to the relative rapidity of waste. A tolerably pure 
limestone may weather with little or no crust, and yet may Ijc continually losing an 
appreciable portion of its surface by solution, while an igneous rock, like a diorite or 
basalt, may be encased in a thick decomposed crust and weather with extieme .slowness. 
In the former case, the substance of the rock being removed in solution, few or no 
insoluble portions are left to mark the progress of decay ; while in the igneous rock, the 
removal of but a comi>aratively small proportion causes disintegration, and the remain- 
ing insoluble parts are found as an external crust. Impure lirne.stone, however, yields 
a weathered crust of more or less insoluble particles. Hence, as we have already seen 
(p. 110), the relative purity of limestones may be roughly detennined from tlioir weathered 
surfaces, where, if they contain much sand, the grains will be seen projecting from the 
calcareous matrix ; should they be very ferruginous, the y«!!lnw liydrous pei oxide, or 
ochre, will bo found as a powdery crust ; or if they be fo.ssiliferous, they will commonly 
present tlio fo.s,vils standing out in relief. An ex|>erionced fossil-collector will alwajs 
carefully search weathered surfaces of limestone, for he often finds there, delicately 
picked out by the we^^thor, minute and frail fo.ssils, which arc wholly invisible on the 
freshly broken .stone. This difference arises from the crystalline cabite of tbe organic 
remains being lo.ss soluble than the more granular calcite in which these arc imbedded. 
Limestonca frequently assume a remarkable channelled rugose surface, with projecting 
knobs, ridges and pinnacles especially developed in high bare tracts of ground 
(Karronfelder)." They are likewise perforated by many holes, tunnels and cavernous 
Spaces, due to the solvent action of water (p. 477). 

Rocks liable to little chemical change arc best fitted to resust weathering, provided 
their particles have sufficient cohesion to withstand the mechanical pioccsses of dis- 
integration.’' Siliceous sandstones offer excellent exanqiles of this permanence. Con- 
sisting mainly of the durable mineral quartz, they are sometimes able so to withstand 
decay, that buildings made of tliem still retain, after the lapse of centuries, the chisel- 

of Rock-VVeatbering,” 6W. iv. (1896), pp. 704-724, 850-870, and In'* loluiue, 'A 

Treatfse on Rtx'ks, Kock-Weatberiug and Soils,' New York, 1897, pp. \x. 411. There is 
also a Miluable paper by Mr. I. C. Russell on “ tiubaerial Decaj of Rocks and Origin of the 
Red Colour of certain Forinations,” B. CV <S. 0, X No. 52 (1889), with a good bibliography of 
Ine subject. Mr. R. S. Tarr has pointed out the proofs of the conqiarative rapidity of 
weathering and .stream -erosion in Arctic latitudes, Amer. Om. xix. (1897), p. 131. 

* This result can lie instructively imitated by boiling and drying shales in the manner 
described in Rook V. Sect vh. for the search for fossils. 

* Helm, Jahrh, Srhwiz. Alpendvba, xii. (1878). R. Bell Bi'll. Ocd. Soc, Arntr. vi. 

' (1895), p. 297. On the rate of weathering of limestone, see J. G. Goodchild, G'ed. Mofj. 

. 1876, p. 326 ; 1890, p. 463 ; A. G., Pror. Sotf. Sor. Edia. x. (1880), p. 518. 

^ Oil weathering of building-stones, see dulien, Tivus. Nav lorl Acad, Sci. Jan. 1883. 

Wallace, Piw. Phil, Soe, Olas. xiv. (1882-83), p. 22. Professor C. Lloyd Morgan, Proc, 
>/ Nat, Soi\ V. (1888-87), part ii. 
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marks of the buildm. Many sutdatonea, howerer, contain argilJaceoua, calctroous or 

fegruginous concretions which weather more ra|iidly than the surrounding rock, and 




Fik. '.» 2 \\.-:al.. L.lMii.istu-, < liHx ai'.w.t.;' Iii.vulai ll'.ii- \ . nti.l.iii .n.l W . ath. i iii„ u!.>ii < 

of htiatilicatioii (/' ) 

cause it to asbunie a hoiie^coniWd >urlaoc , otheia aie full of a (liiriisoil cement (clay, 
limo, iron) the iloi'ay of winch inakea the rock ciunible down into sand. In windstones, 
as indeed in most stratified rocks, there i» a tendeney towards more rapid wcathciing 
along the planes of stiatification, so that the stratified structure is brought <>ut very 
cleaily on iiatuial elitl.s (Fig. 92}. In many feiruginous vindstones and day iioiiHtoiies, 
successive yellow or brown zones oi shells iiiav 
he traced inward from the suiface, frequently due 
to changes of the ferrou.s carbonate into liiiionite, 
the interior remaining .still fresh. In many pris- 
matic massive rocks (basalt, diorite, &(•.), segments 
of the prisms weather into spheroids, in which 
successive weathered rings form crusts like the 
concentric coats of an onion (Figs. 93, 94) Where 
one of these rocks has been intruded as a dyke, it 
sometimes dcionijKises to a considerable depth into 
a mass of brown ferruginou.s balls in a surrounding sandy matrix - the whole having 
at first a resemblance to a coiiglomeiate made of rolled anil trjinf.{K)i ted fragments 
(Fig. 94). 

No rock presents gicatei variety of wcatlieriiig than gianitc.* Soim lemaikably 
durable kinds only yield slowly at the edges of the Joints, tlic sepaiaicMl masses 
gradually assuming the form of rounded blocks like watei worn bouldeis, Othei kinfls 
decomiKise to a depth of 50 feet oi more, and can Ik* dug out with a spade. In Ciunwall 
and Devon, the kaolin fiom the lotted granita, laigely extra«‘te<l for pottery jmipose^, 
is found down to a depth of occasionally 600 feet. That what apjicars to lie meie Iooim* 
sand and clay is really rock decompose<l i/i sUu, is proved by the quart/ veins and 
bands of schorl-rock which ascend from the solid rock {a, Fig. 96) into the friable pait 
(6), and by the entire agreement in structare between the two portions. Here ami 
there, kernels of still undeoomposed granite may be seen (as at c c in Fig. 97}, sui 
rounded by thoroughly decayed material, and, like the solid cores of l)a.salt above- 
^ See a discuasiou of this subject by ti. P. Men ill, (hoi. lUrtr. Atnf/. \i. (]^9ro, p. “*21. 
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mdotioiMHl, prefenting a deceptive resemblance to accumulations of transported materials. 
The granite boulders, so abundantly transported by the ice-sheets aud glaciere of the 



Fit'. 94.— Mplit'roiilnl Wcntlit'iMi}' of Doleritf, .Voitli l^iiicnsft rt\. 


loo Ago, no doubt geiieraliy originated in this way (Kiga. 16S, 164). Owing to its 
numerous joints, granite occasionally weathers into forms tlmt resemble niiiKa walls. 
Large slabs, each defined by joint plains, weather out one above another like tiers of 

masonry (Kig. 98), until, loosened by dis- 
ntegration, they slip olf and c.vfiose lower 
parts of the rock to the same influences. 
Here and there, a scj)arate block becomes 
so poised that it may be readily moved to 
and fro by the hand, as in the so-called 
“rocking-stones” of granite districts. As 
the disintegration varies with local differ- 
ences in durability, some portions weather 
into cavities,' others into prominences, 
often with a singularly aitiflcial appearance, 
as in tho “rock basins” (Fig. 99) and “tors" 



Fig. l)5.~Fel»ite Dyke weathering into sphcrol<^8, 
Cornwall (B.X 


(Fig. 98) of the south-west of England. The ruin-like weathering of dolomite gives 
rise in the Ceveuncs to some singularly picturesque scenery. 

To the influeuce of weathering, many of the most familiar minor contours of the 


' An iiiteresting case of the cavernous weathering of granite is describe<l by P. ChofTat, 
Om. Dirtc. Trtthal. (ieil, Xwfttm, iil. (1895), p. 17. 
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land may W traced. So characteristic ai'e these forms for jwticular kiuda of rock, tliat 
they serve as a meins of recojj^nising them even from a distance. (Book VIl.) 

In countries which have not been under water for a vast lajMe of time, and wlici'c 
consequently the superticial rooks hare been continuously cxjwsod to subaeiial dig- 
integiation, thick accumulations of “rotted rock” arc found on the smface The 



1 n,'. '.Hi.— Decoiilpositiiiii of (iiniiiO'. C, .Soldi Fi^! '<7 l»<*coiii]M>'.itK)ii ol tlnoiitd. .Soldi k'I Hid 

jinmit**, li, dt’i'oiiii>ose<l ■, no, <|.m odi|M>s«'«l . < ,■ , ki'inclx of util' 

tal)!** Mill. nidldi-oiiiiMihdil 


extent of this change is sometimes im|)res8ively mniked iii areas o| e.iUjiieous loi ks, 
Lirac.stono lieiug mostly soluble, its suiTaee is continualh dissohed h\ laiii, wlide the 
insoluble {xutious remam liebiud as a slowly im'ieasing deposit. In legnais v. liicli, 
possessing the necessaiy conditions of climate, lia\e l>een foi a long jn'riod nnsnlmieiged, 
tracts of limestone, unprotected by glacial <>r other accumnlations aie bmiul to be 



1 1 .:. ‘‘s — We.ttlifnii}{ of (imiilli* into " tors " ulon;: iIh J(lnlt^ (/! ) 


coveu'd with a ifd loam oi earth. This ehaiacteiislic lavci occnis on .i liniiti'd scale 
over the chalk of the south-east of Kngland. wheie, with its abundant Hints, it hen iia 
the undihsolvcd fei i uginoiis losidiie of the chalk tliat has been removed ton de|itb of 
many vaids. It •iccui'S likewise in Rw.dlow-lioles and othei passages dissohid mit of 
calcaicons masses, and forms the well-known led earth of bone caves In soiith-eastcin 



Europe it plays an imisntant i>art among su|K'ificial dcjiosiU, being extensively 
developed over the liineabme diatnets, csjieeialh in Jstiia and Dalmatia, where it ia 
known os the femigimma red earth or terra rotm} It is seen alwj in the LaXenU of 

* On the origin of “Terra Rossa,” see M. Nciiniayr, VerkutuH. lieirhmast. 1875, 
p. 50; Til. Fueha, op. >'ii. p, 194 ; E. von .Mo.|sisovic8, jHhrh. (ieml. Rrtrhgungt. xxx. (1880), 
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India,^ in the red earth of Bermuda,* and in the J'«d residual clays and earths of the 
southern Appalachian region of the Unite<l St^es.* 

Other remarkable examples of simitar subaeiial waste have been specially noticed 
among crystalline schists and eruptive rooks. In Brazil, the crystalline rocks are said 
to be sometimes decayed to a depth of more than 300 feet.'* In Massachusetts, 
Pennsylvania, and generally in the middle and southern Atlantic States of North 
America, the depth of disintegiatum appeain giadnally to increase southward from the 
limits whore the country has been “glaoateil ” by ice-sheets during the Glacial period.® 
In Central Asia, a similai superficial decay has laseu observed. “ Di. Sterry Hunt has 
specially drawn attention to the geological im}K)itance of this piolongcd disintegration 
in Situ. Mr. I’umpelly points out that, as mas.ses of decomposed rock may be observed 
to a depth of over 100 feet, the suifaco of the still solid rock underneath presents ridges 
and hollows, succeeding each other according to varying durability under the iiithience 
of percolating carbonated water. In this kind of ueathering, where erosion does not 
come into play, it is evident that the resulting to{>ogmphy must, in .some important 
respects, dilfer from that of an oulmary surface of superficial denudation. In i^articular, 
rock-basins may ’oc gradually eaten out of the solid rock. These will remain full of the 
decomposed material, but any .Hubse(|ueiit action, such as that of glacier-ice, wliich could 
scoop out the detritus, would leave the basins and tlieir intervening ridges exitosed." 

Rate of Weathering. — Careful measurements are much needed 
of the rate at which different kinds of rock unde vrrying climatic con- 
ditions yield to the iiiHuences of the weather. Some particulars have been 
given al)ovc (p. 451) as to the progress of the solution of the surface of 

p. 210; E. Tiel/.c, op. n(. x\x. (1880), p. 721* ; fjorenz, ro/i. OViV. liejchi^. 1881, p. 81 ; 
I', dc (icorgi, (tiua. Ital. mi. p. 294. It is im bided anifuig the fernigmoiis 

(lefKisits by Stop)»aiii (‘(’oino di Geologia,’ ni. i>. .'>31). See also \V. Sjiring, AVm Juhrb, 
1899, i, !>. 47 ; I. ('. Hiissell, Ji. S. X N«. .r,2 (1889), p. 44 ; Coruet. JtuU. 
lielg. X. (1898). pp. 44-110. W. 0. C'losby hn^ ili.scussed the contrast m colour of the 
soils ill liigh and low latitiule.M, Ptor /Siuston Sor, Xnt. Hist win. |>. 219. Neumau' show.s 
that the TeiTn Rossa is of various ago*- ; in the Karst it oiielosos Mioeeito iiuiniinals. 

' ‘A Maiiiml of the Geology of India,’ by H. It, Media ott and \V. 'I'. Blanfonl (1879), 
chap. .\v. 

‘The Atlantic,' by Sir Wyvillo Thomson, ji. 293. 

*’ I. t', Rus.soll, ut supra, 

* Inals, ‘Geologic <bi Bn-sil,’ p, ‘2. .Inw. drs Mines', 7me .st'r. viii. ji. 698. T. Belt, 
‘Natnialist m Nicaragua’ (1874). p. 86. li. Pumpelly, Huff. Soc. (feof, Amc). ii. p. 210; 
J. C. Brnmiur, ifmf. mi , (1896). pp. 2.'16, 29.')-300; O. A. Derby, Jvnm. O'euf. (iv. (1896). 
pp. r>‘J9-.'>10), tlirow.s doubt on the great depth of deca> said to U* general in Brazil. T. 
SteiT> Hunt (.l»nr. Jouin. Sci, 3rd ser, mi . ]>. 60; w\i. (1883), p. 196; irpul. Mcaj. 
1883, p. 310; Auienran Xnturuli.st, i\. (lS7r>), p. 471) dwells especially on the great 
geologicsvl antiquity of the weathered crust. On the secular rock-wcatheriug of the Swedish 
liioiiiitRiiis, .seo Nathorst, <>e<>f. Foreu. Stockhvfiii Furhand. 1879, iv. No. 13. 

® I. (’. Russell, .tupm eit, ; W. 0. Crosbj, /*«<. Xut. Mist. Sci. Boston, x.viii j). 219. 

On a smaller scale it is also to be noted m the granite ami killas (phyllite) of Gornwall 
aud Devon, which, not having suffered from the abrailing adion of the ice of the Glacial 
periotl, .show a deep cover of rotted iwrk, and afford some indication of what may ha\e 
been elsewhere the condition of Britain before the period of glaciation. The sea-cliffs along 
the north coast of Cornwall expose iustructne sections of the deep upper decomposed, and 
of the lower blue solid killas, with the remarkably uneven boundary along which they pass 
into each other. 

’ Pninpelly, Amer. Jaum, Sci. 3rd ser. xviii. 136; L S. Burbank, Proe. Bust. Fat. 
Hist. SiW. -wi. (1874). i>art ii. p. 150 ; tdso jHistea, p. 5.62. 
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limestones, but we require detailed investigation of the net results of all 
the various atmospheric agencies upon faces of cliff and slope coni|^>osod 
of all kinds of rock, both stratified and unstratified. Iiujuiries of this 
kind might well be organised on an intertiational luisis. They ^^ould 
furnish some more precise indications than are now availai)l(‘ of the r.ile of 
the modern denudation of a land-surface, and wouhl atTord \aliial)lc dalii 
for estimates of the value of g(5ologk‘al time. As an example of the kitid 
of observations required, reference may l>e made to tliose undertalu^n bv 
Prof. G. F. W right, at the instance of the Now York (’entral h’ailroud, 
with a view to ascerUiin the rate at which the lateral walls of the gorge 
of Niagara are now decaying under atmospheric inHuenees. These walls 
consist of shales and limestones in nearly horizcmial sheets, which are 
fully exposed to the air. It ap[>cars that since the railway wiis built in 
1854, gradually descem ling along the face of the gorge, the shales have 
crumbled away in some places as much as It feet, ami e\en liO feet, in 
fifty-five years. The average rate of recession of the.se great dills i.s 
comjmted to be as much a.s an inch and a half annually. Hence in com- 
puting the age of the gorge as the result of river-erosum (p otH)), we 
iiimst also take into account the hub.se<juent widening of the defile by the 
continual dec.ay and recession of the walls.' 

Formation of Soil. — On level surfaee.s of rock the w'eathcred crust 
may remain with comparatively little rearrangement until jilantN take 
root on it, and by their decay supply organic matter to the decomjtosed 
layer, which eventually becomes what wt; term “\egctabh* stub” 
Animals also furnish a smaller proportion of organic ingredients. Though 
the .character of s(»il depends primarily on the nature of the lock out of 
which it has been formed, its fertility largely arises from the commingling 
of decayed animal and vegetable matter with dccom)K>.s('d rock. 

A gradation may Im* traced fiom the M)il downwanls into wliat i^ 
termed the “sub.soil, ’ and thence into 
the solid rock underneath (Fig. lOO) 

Betw'een soil and subsoil a marked sV 
difference in colour is often observable, 
the foinier being yellow' or brown, when / / / / 

the latter is blue, grey, red, or otliei '' ' - < / / / " 

colour of the rock beneath.- Tins con loo 

trast, evidently due to o.xidation and ) ".i.. '' uSmoi {') 

hydration, es{>ecially of the iron, extends 

downwards a.s far as the subsoil i.s opened up by i outlets and fibres 
to the ready descent of rain-water. The yellowing of the subsoil mSy 
even occasionally l>e noticed around some stra\ rootlet winch has struck 
down farther than thi rest, lielow the general lower limit t)f the soil 
, p. 598). 


> G. F. Wright, Sci MoniMy, Jmu<* 1899 , A.nniron \\i\. 1902, p. 140. 

^ Deceptive tpi>earaDce* of a break between the j»oi! or subxoil and wlml lies Wiieath are 
8ometinie« produce<l by tins nteaiia. 8e«' W. Whitaker. Q. J. Sor.. xx\iii. p, 122 ; 
E. Van den Broeck. Mitii. Couroun. Acad. Ilru.i\ 1881 : J. <;o^'<elel, ‘ .Sol aralile ct 
le Sous-M)!.’ Auk. .St»c. Oiol. Nord. xxviii. (1899). p. 807. 
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Mr. Darwin observed many yeais ago that a layer of soil, three 
inches in depth, had gi’own above a la^er of burnt marl spread over the 
land fifteen yeara previously ; also that in another example, a similar 
layer had, as it were, sunk beneath the soil, to a depth of twelve or 
thirteen inches in eighty years. He connected these facts with the 
work of the common earth-worm, and concluded that the fine loam which 
had grown above these original superficial layers had been carried up to 
the surfjice, and had been voided there in the familiar form of worm- 
castings,^ This action of the earth-worm is doubtless highly important, 
but, as Richthofen has pointed out, we have to take also into account 
the gradual augmentation of level due to the daily dejwsit of dust (a/dr, 
p, 438, and p. GOO). 

Soil being composed mainly of inorganic, and to a slight extent of 
organic, materials, the proportion between those two elements is a 
question of high economic impoi*kince. With regard to the organic 
matter, it is the experience of practical agriculturists in Bi-itain that 
oats and rye will grow upon a .soil with 1 \ per cent of organic matter, 
but that wheat requires from 4 to 8 per cent.- To a geologist, this 
organic matter has mnch interest, as the source of most of the carbonic 
acid with which so wide a series of changes is worked by subterranean 
water. The inorganic portion of soil, or still undi.ssolvcd residue of the 
original surface-rock, varies from a loose, open .substance with 90 per 
cent or more of sand, to a stiff, cold, retentive matei'ial with more than 
90 per cent of clay. When this sand and clay are more equally mixed 
they form a “ loam.” ^ 

Reference has just been made t.o the thick accumulation of rock 
decomposed in Mtn observable in certain regions which, having been 
alxjve the sea for a lengthened period, have been long ex])ose(l to the 
action of weathering, Wliere this action has been supplemented by that 
of rain, widespread formations of loam and earth have been gathered 
together. These are well illustmtcd by the “ brick-earth,” “ head,” and 
“rain-wash” of the south of England — earthy deposits, with angular 
stones, derived from the suhaerial waste of the rocks of the neighbour- 
hood.* 

' Gfof. Tr«iif. V. (1810), j). .'*05; and liis more recent researoluN in ))H volume on 
‘Vegetable Mould.’ See also Reid, Mu}/, 1884, p. 165, 

* Jolmstou's ‘Kleinent^i of Agricultural (’heniistry,’ p. 80. 

^ In the elalxtmte description of tlie sods of Russia by Professor Sibirt/ew already cited 
{antf, p. 161), he classifies the soils of that region as follows: (1 ) lateritic ; (2) dust-formed ; 
(0) soils of the dry stepps or desert-steppes ; (4) teheniozoms or black earths ; (6) fioila 
of the wooded stepjws and of the regions where the trees shed their leaves; (6) gras.sy and 
“podzols” ; (7) soils of the ‘’tniidras.’’ For measurement^ of the i>ermeability of soils, 
see Hondaille and Seinichow, Comfit, rend, c\v. (1892), p. 1015. 

♦ Go^lwin-Austeii, J. if. S. vi. p. 94. vii, p. 121 ; Foster and Topley, op. ci(. xxi. 
p. 446 : Prestwich, (>. J. G. S. xlviii. (1892), p. 268. The vast e,xU‘nt of some superficial 
formations, like the ” loess ” above referred to (p. 439), has often suggestwl submergence 
lielow the sea But when, instead of marine organisms, only terrestrial, flnviatile, or 
lacuatrine remains occur in them, as in the brick-earths and loesa the idea of marine sub- 
iiiei^nce cannot be entertaine«l. The remarkable “tundras or stepi>es of Siberia, and th® 
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2. Mechanical Action. — Besides chemically corroding rocks and 
thereby loosening the cohesion of their particles, rain acts niechanicidly 
by washing otf these p.4rticles, which are held in 8Us})en«ion in the little 
rain-runnels or are pushed l)y them along the surface. The anu)iint and 
rapidity of this action do not deijcnd merely on the annual iiiiantitv of 
rain. A comparatively large rainfall may ho so e(|ual)lv distributed 
through a year or season as to prsluce less change than may l)e caused 
by a few heavy rain storms which, though inferior in total amount of 
precipitated moisture, descend rapidly in gre;it 4olnme. Such copious 
rains as those of India, hy deluging the surface of a country and nij)i<lly 
flo(xling its^ water-courses, may transjKHt in a few hours an enormouK 
amount of sand and mud to lower levels.’ Another feature to he kept 
in view is the angle of declivity : the same amount of rain will j)erfoi'm 
vastly more mechanical work if it can swiftly descend a steep slope, than 
if it has to move tardily over a gentle one. 

Removal and Keiiew’al of Soil. — tlie de Beaumont drew attention 
to what appeared to he pi oofs of the permaneiiee or long duration of the 
layer of vegetable soil.- But the eases cite<l hy him are not inconsistent 
with a belief that the doctrine of the persistcrice of the soil is triu* rathci 
of the layer as a whole, than of its indiviihuil jiarticles •' Were there no 
provision for its renewal, soil w'onld comparatively soon be evhaiistetl, 
and would cease to support the .same vegetation. This result, indeed, 
occurs partially, especially on Hat lands, but wouKl be far more wide- 
spread were it not that rain, gradually washing off the upper part of the 
soil, e.vpo.ses w'hat lies beneath to further disintegration. This removal 
takes place even on grass-covered surfaee.s, through the agency of earth 
worms, by w’hich fine particles of loam are bronglit up and exposed to 
the air, to be dried and blown away by wind, or washed down by rain. 
The low'cr limit of the layer of soil is thus made to travel dow'iiward into 
the subsoil, which in turn advances into tin* underlying lock. As Hutton 
long ago insisted, th<* superficial covering of soil is constantly, though 
slowly, travelling to the sea."* In this eeasele.ss transport, rain acts as 
the great carrying agent. The particles of rock and of soil are, step hy 
step, moved downward over the face of tlie land, till they reach the 
nearest brdok or river, whence their seaward progress may he rapid. A 
heavy rain discolours the water-courses of a country, lieeause it hwids 
them with the fine debris which it remove.s from the general surface of 

“black earth” of Kuasia, arc ihchIitu e\.iu>|‘h-' of siuh f\n*ii.si\e formalions an* 

certainly not of inarine origin, but jionit to long coutiunHl einergenie abo\e tlie aen. 
(Murchison, Keyserhng ami Dt Vetm-Hil''* ‘(Jeolog) of Kiiskia.' Belt, (^. J, U .S’, xxx* 
p. 490; 2 )mtea, p. 606.) More aiicmnt illirntralionH are hwppbeU by the vast .'mbaerial 
ami fresh-water fonnations of the interior of North .Amenea, ami by ihow •m the flankn ol 
the Himalaya chain. 

’ These rams aonietiiiies fall at Chirapuiigi to the eiioriiiouh amount of 40'8 inclieii in 24 
hours [Nature^ xlviii. (1893), p. 17). The quantity ot soil ami earth swept into the river# 
and tranaportiHl bj them to the sea in so short .a spai-e ol tune is almost incredible. 

* ‘ Le^na de Gt^li^ie pratique,’ i. p. 140. 

* A. (»., TnoiA. Oed. >Soc. GU<Jiytnr, id. p. 170. 

* ‘ Theory of the Earth,’ part ii. chap#, v v i. 
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the land. In thig way, rain serv^ aa the means whereby the work of 
other disintegrating forces is made conducive to the general degradation 
of the land. The decomposed crust produced by weathering, which 
would otherwise accumulate over the solid rock, and in some measure 
protect it from flccay, is removed by rain, and a fresh surface is thereby 
laid biire to further decomposition. 

Movement of Soil-cap. — In some countries, where the ground is 
covered with a thick spongy mass of vegetation exposed to considerable 

variation of temperature and moisture, appearances have been observed 

of an e.vtensive slipping of the layer of soil U) lower levels, bearing with 
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it whatever may be growing or lying upon it. Such are the so-called 
“stone-rivers” of the Falkland Islands, and the superficial debris of 
certain parts of the west cojist of Patagonia.^ In Western Europe, in- 
dications of a similar movement may often be noticed on the sides of hills 
or valleys. On the Canadian Pacific liailway the track of rails is in some 
places slowly shifting its position from this cause. 

* Unequal Erosive Action of Rain. — While the result of rain action 
is the general lowering of the level of the land, this process necessarily 
advances very unequally in different places. On flat ground, the waste 
may be quite inappreciable, except after long intervals and by the most 
accurate measurements, or it may even give place to deposition, the fine 
detiitus washed off the slopes being spread out, so as actually to heighten 
the alluvial surface. In numerous localities, great variations in the rate 
^ Wy?Ule Thomson’s ‘Atlantic,’ ii. p. 245. R. W. Coppinger, Q. J. Oeci, Soc. 
1881, p. 348. Sw postM, under “ Landslips,” p. 480 



of erosion by rain may be observed. Thws, from the pitted, channelled 
ground lying immediately under the drip of the eaves of u house, 
fragments of stone and gravel stand up prominently. iKioause the earth 
around and above them has been w.aahed away by the falling diojis, and 
because, being hard, they resist the erosive action and screen the earth 
below them. On a larger soile the .sjime kind of operation may bo noticed 
in districts of conglomerate, where the larger blocks, M'l ving as va protec- 
tion to the rock underneath, come ‘to form, as it were, the eapitids of 
slowly deepening columns of rock (Kig 101). 



Fig 10‘J - Kailli jiillara left l'> lli*’ Wf«lli<niig »\ 'l.vtol 


In certain valleys of the Alps a stony clay is cut by the ram into pillarH, each of 
which is protected by' and indeed owes its cxistciur to, a large block of hlonc winch lay 
originally in the heart of the ina.ss (Fig, 102). These columns, or “ earth •}») liars, are 
of all heights, according to the original ])o»itiomi of the stonch. M<»rc colossal oxainple# 
have been described by Hayden from the conglomerafcH of Colorado, itemarkable 
illustrations of the same results have been noted by Captain Dutton on the Zufn Plateau, 
New Mexico, where large blocks from an escarpment of the haid Dakota sandstone jiave 
rolled down for a thousand feet, and have come to rest on softer calcareous sandstones 
which, being more easily wasted, have been carved into pillars each cap{»cd with one of 
the fallen blocks. * 

There are in.stances, however, where the disintegration has been so comjdete that 


Gth Ann. Rep. U. H. O. fi. 1S84-85. p. 154. 
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only a few acattered frsgmetita remain of a once extensive stratuni, and where it may 
not be ea«y to realise that thexe fragments arc not transported boulders. In Dorsetshire 
and Wiltshire, for example, the surface of the country is in some parts so thickly strewn 
with fragments of sandstone and congloniernte “that a ]X‘ison may almost leap from 
one stone to another without touching the ground. The stones are frequently of con- 
.siderable size, many being four or five yards across, ami about four feet thick.” ^ They 
.are found lying abundantly on the Chalk, suggestive at tiist of some former agent of 
transport by wliich they were brought Irom a distance. They are now, however, 
geneially admitted to be .simply fragments of some of the samly Tertiaiy stinta which 
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once roveied the distiiets where they occur. While the softer portions of these strata 
liave been earned away, the harder jmrts (their hardness jicrhaps increasing by exposure) 
have remained behind a.s “giey wethers,” and have .sulisequently suffered from the 
inevitable splitting and crumbling action of the weather. Similar blocks of quartzite 
and conglomerate, referable to the disintegration of Lower Tertiary beds in si / m , are 
traceable in the north-east of Fiance up into the Ardennes, showing that the Tertiaiy 
deixisits of the Pans basin once liad a much wider e.vtension tlian they now' jKissess.*”*^ 
On a far gi’andcr scale, the apparent caprice of general siibaerial disintegration is 

' They have been usetl for tlwliuge blocks «>f which .Stonehenge and otlier ot tlie so- 
called DrnUiical circles have lieeii constructed, hence they have been termed Druhl Stones. 
Other names are Sarsen Stones (siippo.sed to indicate that their arcuinulation has lieen 
popularly ascrilieil to the Saracens), and Grey Wethers, from their resemblance in the 
distance to flock.s of (wether) sheep. See Dfsetiptire Cittaicffur of Rock ifpecimemi i« Jmnyn 
Street Mitseuui, 3ril e«l. ; Pre.stwich, 0- •f- P* 123 ; Whitaker. Geoivgical Survey 

Memoir on jHurts of Middlesex, *lr.; p. 71 ; J. W. Judd, Geoi. Mag, 1901, p. 1 ; T. R. 
Jones, “ History of the Sarsens,” op. dt. pj*. 54, 115. 

^ Barrols, Ann, rStc. Oiof. do Xord, vi. p. 366. 
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exhibited among the “battas" and “bad lauds ” of Wyoming and the neighbouring 
territories of North America (Fig. 103). Colossal pyramids, barred horizontally by lerel 
lines of stratification, rise up one after another far out into the plains, which were once 
covered by a continuous sheet of the formations whereof these detached outliers are 
only fragments. 

As H consequence of this inequality in the raU' of waste, depending 
on so many conditions, notably u|X)n declivity, amount and heaviness of 
rain, lithological texture and com})08ition, and geological structure, groat 
varieties of contour are worked out upon the lan<l. A fur\ey of this 
department of geological activity show.s, indeed, that the unequal wasting 
by rain ha.s,in large measure produced the details of relief on the present 
surface of the continents, those tracts where the destruction has been 
greatest forming hollows and valleys, othei-s, where it has been less, rising 
into ridges and hills. Even the minuter features of orag and pinnacle 
may be referred to a similar origin. (Book VII.) 

2 . Underground Water.' 

A great part of the rain that falls on land, sinks into the gi'ound and 

apparently disappears : the rest, flowing off into runnels, brooks and 

rivers, moves downward to the sea. It is most convenient to follow first 
the course of the suliteiTanean water. 

All rocks being more or less porous, and traversed by abundant 
joints and cracks, it results that from the bed of the ocean, from the 

bottoms of lakes and rivers, as well as from the general surface of the 

land, water is continually descending into the rocks beneath. To what 
<lepth this descent of surface-water may go, is not known. As stated in 
a former section, it may reach as far as the intensely In'ateil interior of 
the planet, for, as the already quote«l lesearthes of Daiibrf'e have shown, 
capillary water can penetrate rocks even against a high eounter-in-essure 
of vapour {nnif, p] - 1 10 ). iVoliahly tin* depth U) which the water 
descends varies indefinitely according to the varying nature of the rocky 
crust. Some shallow mines are practically quite dry, others of great 
depth require large pumping engines t») keep them from lieing floodofl by 
the water that pours into them from the suiToiinding rocks. Yet, as a 
rule, the upper layers of rock in the earth’s cnxst are fuller of moisture 
th^ those (leeper down. 

Underground Circulation and Ascent of Springs. — The water 
which sinks below' ground is not permanently removed from the surface, 
though there must be a slight loss due to absorption and <'hcmical alten^ 
tion of rocks. Finding its way through joints, fissures, or other divisional 
planes, it issues once more at the surhice in springs. This may haiipen 

^ On this subject the fellowing works are of value : — ‘ Lew Eanx souterraines aux Kpoques 
anciennes,’ A. Daubr^, Paris, 1887 ; ‘Les Kaux sonterrainta a I’^poque actudle,' A. 
Daiibree, 2 vola., Paris, 1887 ; F. E. Suess, ‘‘Studien uiicr iiuterirduiclie Wasserbewegung," 
Jahrb. K, K. Ged. Reichmnst. 1898, p. 425 ; F. H. King, “Principles and Conditions of the 
Movements of Ground-water,” I9ih Ann. Rtp. U. S. G. S. 1898, pp. .')9-294 ; followed by a 
“Theoretical Investigation of the Motion of Oround-waterH,’' by C. 8. Hchlicbter, ]>p. 295-384 ; 
0. Jervi-s, ‘ I tesori sotteranei dell’ Italia,! 4 toIs, 1873-89. 
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either by continuous descent to the point of outflow, or by hydrostatic 
pressure. In the former case, rain-water, sinking imdemeath, flows along 
a subterranean channel until, when that channel is cut by a valley or 
other depression of the ground, the water emerges again to daylight. 
Thus, in a district having a simple geological structure (as in Fig. 104), a 





104.-- Simple or Surfiice hpriugn. 


sandy porous .stratum (d), through which water readily finds its way, 
may rest on a less easily permeable clay (^'), followed undertieath by a 
second sandy pervious bed (r), resting as before upon comparatively 
impervious ^ strata (a). Rain falling upon the upper sandy stratum (d) 
will sink through it to the surface of the clay (c), along w'hich it will 
flow imtil it issues either as springs, or in a general line of wetness along 
the side of the valley (b). The second sandy bed (c) will serve as a 
reservoir of subterranean water so long as it remains below the surface, 
but any valley cutting down below its liase will drain it. 

Except, however, in districts of gently inclined and unbroken strata, 
springs are more* usually of the second class, where the water has 
descended to a greater or less distance, and has risen again to the sur- 
face in fissures, as in so many syphons. Lines of joint and fault afford 
ready channels for subterranean drainage (Fig. 106). Powerful faults 



Fig. 105.— D«op-8«ated Springs (j, «') ruing through Joints and a fault (.0. 


which bring difl'erent kinds of rock against each other (as u and </ are by 
the fault /in Fig. 105) are frequently marked at the surface by copious 
springs. So complex is the network of divisional planes by which rocks 
are braversed, that w'ater may often follow a most labyrinthine course 
before it completes its underground circulation (Fig. 106). In countries 
with a sufficient rainfall, rocks are saturated with water below a certain 
limit termed the miterdml.^ Owing to varying structure, and relative 
capacity for u^ater among rocks, this line is not strictly horizontal, like 

^ ’ This t«riu mpfrvima must evideutly be used in a relative and not in an absolute 
sense. A stiff clay is practically impervious to the trickle of underground water ; hence its 
employment as a material for puddling (that is, making water-tight) canals and reservoira. 
But it contains abundant interstitial water, on which, indeed, its characteristic plasticity 
depends. 

^ On the undeigrouud saturation of rocks, see 0. Keller, Ann. Mints, xii. (1897), p. 59 ; 
T. M. Reade, Proc. Liverpool Oeol. Soe, 1883-84, “Experiments on the Circulation of Water 
in Sandstone.” . A body of information regarding the underground circulation of water in the 
permeable formations of England was' collected by a Committee of the British Association, 
and will be found in the Aftn. Sep. from 1875 onusirds. 
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that of the surface of a lake. Moreover, it is liable to rise and fall 
according as the seasons are wet or dry.^ In some places it lies quite 
near, in others far below, the surface. A well is an artificial hole dug 



down below the water-level, so that the water may poivolaU! into it. 
Hence, when the water-level happens to I)e at a small depth, wells are 
shallow ; when at a greater depth, they require to be deeper. 

Since rocks vary greatly in jjorosity, some contain far more water 
than others. It often happens that, percolating along some [xirouH lied, 
subterranean water finds its way downward until it jmsses under some 
more impervious rock. Hindered in its progress, it accumulates in the 
porous bed, from which it may be able to find its way up to the surface 
again only by a tedious circuitous passage. If, how'ever, a bore hole be 
sunk through the upjwr im[>erviou8 bed down to the water- charged 
stratum below', the water will avail itself of this artificial channel of 
escape, and will rise in the hole, or even gush out as a jef d’eav above 
ground. Wells of this kind are now’ largely employed. They liear the 



Kjg 107 - Diitgruiii ilUiHti»tivi- of tin* lUwr> <-1 ArU*»i«ii Well-. 
p, h, Lower water-bearing tx>ck8, coverwl by an iii)j>erMouti ’♦enM(*), through which, at I. am! eLewhere, 
Itonngi! are imide t<t the »atrr le»el l»eiieath 


name of Artesian, from the old province of Artois in France, wliere the> 
have long been in use* (Fig. 107). 

‘ It has been aacertaineil by obhenation and lueaaiifenieut that the diacharge of nprings 
i» also affectcti by atmospheric pressure beiog greater with a low than with a high baroofeter. 
B. Latham, BnL Auoc, 1881 ; see also Oeol. Mag, 1893, p. 568. 

* See Prestwich, (?. J. Oeol. Soc. xxriiL p. Irii., and the refereuccM there given. On -.be 
subject of Arteaiaii Wells, see Professor T. C. Chamberliib 6th Ann, Rep, U. S. O. S. (1883-84), 
p. 181 ; also “ Final Re|)ort on Artesian and Underflow Investigation,” Er. Doc. Henate U. 8, 
41, part it (1892), p. 116 N. H. Darton, ” PreUroinary Report on Arlesian Wells of a 
portion of the Dakotas,” 17th Ann. Rep, V, S. O, H. fl896) ; "Artesian Well Prospects in 
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That the water really circulates under ground, and passes not merely 
through the pores of the rocks, but in crevices and tunnels, which it has 
no doubt to a large extent opened for itself along natural joints and 
fissures, is proved by the occasional rise of leaves, twigs, and even live 
fish, in the shaft of an Artesian well. Such testimony is particularly 
striking when found in districts without surface-waters, and even perhaps 
with little or no rain. It has been met with, for instance, in sinking 
wells in some of the sandy deserts on the southern borders of Algeria.^ 
In these and similar cases, it is clear that the water may, and sometimes 
does, travel for many leagues under ground, away from the district 
where it fell as rain or snow, or where it leaked from the bed of a 
river or lake. 

The temperature of springs affords a convenient, but not always 
quite reliable, indication of the relative depth from which they have 
risen. Some springs are just one degree or less above the temperature 
of ice (C. 0“, Fahr. 32''). Others, in volcanic districts, issue with the 
temperature of boiling water (C. 100“, Fahr. 212 ). Between these two 
extremes every degree may bo registered. Very cold springs may be 
regarded as probably deriving their supply from cold or snow-covered 
mountains. Certain exceptional ca.se8, however, occur, where, owing to 
the subsidence of the cold winter air into caverns (glanms\ ice is formed 
which is not wholly melted even though the summer temperature of the 
caves may be above freezing-point. Water issuing from these ice-caves 
is of course cold.- On the other hand, springs whose temperature is 
higher than the mean temperature of the places at which they emerge 
must have been warmed by the internal heat of the earth. These are' 
termed Thermal Springs.^ Tlie hottest springs are found in volcanic 
districts (see p. But even at a great distance from any active 

volcano, springs rise with a temperature of 120“ Fahr. (which is that of 
the Bath springs) or even more. These have probably ascended from a 
the Atlantic Coast-plain Region, “ Bull. U. S. fl. S. No. 138 (1896), p. 232 ; J. Gosselet, 
*• Le 9 ons siir los Nappes aquif^re.s <lii Nord de la France," Ann. Soc. (J4ol. ynni. xiv. 
(1888), pp. 249-306. 

* Desor, /lull. «Soc. S<'i, Xat. XeufchMd, 1864. On the hydrology of the Sahara, con- 
sult G. Rollaud, Asaoc. Fran^aise-, 1880, p. 547 ; Tchihatclief, Brit. Ahshk. 1882. p. 356; 
Choisy, ‘ Documents relatifs 4 la Mission dirigi^ au Sud de I’Algerie,’ Pans, 1890. 

A remarkable example of a glaciere is that of Dobscbau, in Hungary, of which an 
account, with a series of interesting drawings, was published in 1874 hy Dr. J. A. Kreniier, 
keeper of the National Museum in Buda-Pesth. See also Murchison, Keyserliug and De 
Verneuil in ‘Geology of Russia’; Thury, Btbludh. Univ., Geneva, 1881 ; Browne, ‘ Ice-Caves 
in France and Switzerland,' 1865, Fifty-six of these caves are known in the Alps, some in 
the Jura, and many elsewhere. See also B. Schwalbe, Central-Organ/, d. Inleressen d. 
Jtealschul. January 1884 ; H. I^ihmann, ‘ Das Hohleneis unter besonderer Beruchtsicbtigung 
einiger Eisbohlen des Erzgebirge,' Jena, 1895 ; Naturt, .xli. (1900), p. 591. 

• Studer points out that some springs which are thermal in high latitudes, or at great 
elevations, would be termed cold springs near the equator, and, consequently, that springs 
having a lower temperature than that of the inter-tropical zone— that is, firom C. 0* to 30° 
(Fahr. S2“-84'’)— should bo called “relative,” those which surpass that limit (C. SO’-lOO”) 
“ absolute,” and he gives a series illustrative of each group ; ' Physikalische Geographic, ’ ii. 
(1847), p. 49. For volcanic thermal springs, see anfe, p. 315, and posfea, p. 478. 
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great depth. If we coiild assume a progressive increase of 1 ' Fahr. of 
subterranean heat for every 60 feet of descent, the water at 1 20’, issuing 
at a locality whose ordinary temperature is 60’, should have been down 
at least 4200 feet below the surface. But from what has been already 
stated (p. 62) regarding the irregular stratification of temperature within 
the earth’s crust, such estimates of the prohiible depth of the sources of 
springs are not quite reliable. The source of heat in these cases may be 
some crushing of the crust or ascent of h<iiite<l matter from underneath, 
which has not, however, given rise tf) volcanic |)htMiomena. 

1, Chemical Action.^ — Every spring, even the clearest and most 
sparkling,* contains dissolved giises, also mineral solutions abstracted 
from the soils and rocks which it has traversed. The gases include those 
absorbed by rain from the atmosphere (pp. 414, 448), also c^arbon-dioxide 
supplied by decomj) 08 ing organic matter in the soil, sulphuretted hydrogen, 
and marsh-gas or other hycinxyirbon derived from decom|K)8itions within 
the crust. The dissolve(i solid constituents consi-st partly of organic, 
but chiefly of mineral matter. Where s)>ring-water has been derived 
from an arwi covered with ordinary hunm!<, organic matter is always 
present in it. Organic acids are abstracted from the soil by descending 
water, and these, before they are oxidised into carlK)nic acid, are eflective 
in decomposing minerals and forming soluble sjilts (p. 460), The 
mineral matter of .spring-w'ater consists principiilly <*f CArbonates of 
calcium, magnesium and sodium, sulphates of calcium and sodium, and 
chloride of scKlium, with minute traces of silica, phosphates, nitrates, 

The nature and amount of mineral impregnation (Icjyend, on the one 
hand, iqmn the chemical energy of the water, and on the other, upon 
the composition of the rocks. 

Various sources of augmentation of its clnunical energy are available 
for subterranean water: — (1) The abundant organic matter in the soil 
partially abstracts oxygen from the water, but supplies organic acids, 
especially carbonic acid. In so far as the water curries down from the 
soil any oxidisable organic substancoi its action must 1x5 to reduce oxides 
(p. 451). Ordinary vegetable soil jKissesses the power of removing from 
permeating water {xitash, silica, phosphoric acid, ammonia and organic 
matter, elements which had been alrejuly abstracted from the soil by 
living vegetation, and which are again ready to be taken up by the same 
organic agents. (2) Carbon-dioxide is here and there largely eiolvoil 
within the earth’s crust, es|)ecially in regions of extinct or dormant 
volcanoes. Subterranean water coming in the way of this gas dissolves 
it, and thereby obtains increaseil solvent powder. (H) 1 he capacity* of 
water for ilissolving mineral substances is augmenteil by increase of 
temperature {ante, p. 411). It is conceivable that cold springs, containing 
a large percentage of mineral .solutions, may have acquired this impregna- 
tion at a great depth and at a higher temperature. As a rule, however, 
thermal water, as it cools, deposits more»or less of its dissolved minoraU 
on the walls of the fissures up which it ascends. Hence, no doubt, the 

‘ This subject is fully treated in vol. il‘ of DanbnVs ‘ l^es Eanx souterraines a 1 '^poque 
actuelle.* 
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Buccefisive layers in mineral veins. (4) Pressure likewise raises thli solvent 
power of water (p. 411). (5) Some of the solutions, due to decomposi- 

tions effected by the water, increase its ability to accomplish further 
d^ompositions (p. 414). Thus the alkaline carbonates, which are among 
the earliest products, enable it to dissolve silica and decompose silicates. 
These carbonates likewise promote the decomposition of some sulphates 
and chlorides. Calcium-carbonate, which is found in the water of most 
springs, is the result of decomposition, and by its presence leads to the 
fiu-ther disintegration of various minerals. “ Carbonic acid, bicarbonate 
of lime, and the alkaline carbonates bring about most of the decompositions 
and changes in the mineral kingdom. It is a matter of gieat importance 
to find that the same substances which give rise to so many decomposi- 
tions in the mineral kingdom are the chief ingredients in the waters.” ^ 
The nature of the changes effected by the percolation of water through 
subterranean rocks will be best understood fiom an e.xamination of the 
composition of* spring- water. Springs may be conveniently, though not 
very scientifically, grouped into two classes : Ist, comnmn springs, such 
as are fit for ordinary domestic purposes, although always containing 
more or less mineral matter in solution ; arvl 2nd, mineral springs, in 
which the proportions of dissolved mineral matter are so much higher as 
to remove the water from the usual potable kinds. 

1. Common Springs jmsess a temperature not higher but frequently lower than 
that of the localities at which they rise, and ordinarily contain, bpaides atmospheric air 
and its gases, calciufn-carbonate and sulphate, common salt, with chloiides of calcium 
and magnesium, and sometimes organic matter. The amount of dissolved mineral 
contents in ordinary drinking-water does not exceed 0\'», or at most TO gramme ])er 
litre ; the best waters contain less. The amount of organic matter should not exceed 
from 0-005 to O’Ol gramme per litre in wholesome drinking-water.- Spring- water 
containing a very minute percentage of mineral matter, or in which this matter, even 
if ill more considerable quantity, consists chiefly of alkaline salts, dissolves common 
soap readily, and is known in domestic economy as “.soft" water. Where, on the 
other hand, the salts in solution are calcic or magnesic carbonates, sulphates, or 
chlorides, they decompose soap, forming with its fatty acids insoluble compounds which 
appear in the familiar white curdy precipitate. Such water is termed “ hard.” Where 
the hardness is due to the presence of bicarbonates it disappears on boiling, owing to 
the loss of carbonic achi and the consequent precipitation of the insolulile carbonate ; 
while in the case of sulphates and chlorides no such change takes place. 

The extensive investigations carried on by the Rivers Pollution Commission in 
Britain have thrown much light on the relation between the amount of mineral matter 
in solution in springs and wells, and the character of the underlying rock. The follow- 
ing table of analyses of waters from different kinds of rocks gives a summary of results 
obtained 


1. Fluvioinarine, Drift and Gravel . 

No. of 
Analyses. 

. 10 

.Mean amount of Solid 
(>in tents in 10,000 
parts of Water. 
6-132 

2. Chalk 

. 30 

2-984 

3. Hastings Sand and Oreensand.s . 

. 19 

3-005 

4. Oolites 

35 

3-033 

’ Bischof, ‘Chem. Oeol.’ i. p. 

17. 


* Dr. B. H. Paul in Watts* ‘ Diet Cbem. 

’ V. p. 1022. 
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Na rtf 

Mean amount of Solid 



Anaiyse*. 

Contents In 10,000 
parti rtf Water. 

5. 

Lia» 

7 

3 641 

6. 

New Red Saudstone . 

15 

2-869 

7. 

Magnesian Limestone 

1 

6 - W >‘2 

8. 

Coalnieaaui'es 

14 

2-^30 

9. 

Yoredale beds and Millstoiie-giit 

. 8 

1 -773 

10. 

Mountain Limestone . 

13 

3 -206 

11. 

Devonian and Old Red Sandstone 

32 

2 -.506 

12. 

Silurian 

. 15 

1 283 

13. 

Granite and Gneiss’ . . , 

8 

0-694 


From thi« table it is evident how Kn'atly the projwtio!! of dissolvtHi unneral 
substance augments in those waters which rise in calcareous tracts, and how it cor- 
respondingly sinks in those where the locks are mainly silicco’m. The maximum 
jtercentage in group No. 18 was less than 1 )>art in every 10.000 of watm, Die minimum 
being 0'140 from granite. In No. 1, on the contrary, the maximum was ‘22 f>24, in 
No. 6 it was 7'42ti, ami in No. 10 it was 9‘850.‘ 

2. Minovnl Spiiiigs arc in some iu8tam‘<;,s cold, in otlici's waiin. or even Innlmg. 
Thermal springs are more usually mineral waters than cold sjuings, but tlicre does not 
apjK'ar to lie any nece.s.sary relation lictween tem|»eraturc and c)ii*mical coinjtoHition 
Mineral spiings may lx* roughly classified for geological purposes according to the pre- 
vailing mineral .substance contained in them, wbicb may range in aiimunt fioni 1 to 800 
gramme.s jicr litre.- 

Calmrcous Springs contain calciuni-caiboiiate in such quantity as to be deposited in 
the form of a white crust round objects over which the water flows. Calcmm carbonate,- 
according to Fre.scnius, is dissolved by 10,600 of cold and by 8834 jiarts of warm water.* 
But in nature, the proportion of this carbonate present in springs dejiends mainly on the 
proportion of free carbonic acid, which retains the lime in solution. On tlie loss of 
carbonic acid by e.\|K)sure and evaporation, tlie carbonate i.s thrown down os a white 
precipitate. Thi.s dejiositiun Is frerjnently brought about by the action ol living jilants. 
(Book III. Part II. Sect. iii. tj 3.) Water saturatwl with carlionic acid will at the 
freezing-jKiint dissolve 070 gramme and at 10’ C. 0 88 gramme of calcinni-carboiute 
per litre. Calc.areouH springs occur abundantly in limestone districts, ami indeed may 
be looked for wherever the rocks are of a markedly caleareous character, in some 
regions, they have brought up such enoimous quantities of lime as to foiin coiisideiabic 
hills {postcif, p. 475). 

Ferruginous or ChalyltcaU Springs contain a large pioiK)itiun of feiious Hul[)hutc (iron- 

* Rurrs PoUution (htnuussum, (ifti Hejxnt, 1874, j»p. 107-181. St-e also Ib’ports of 
Brit, Assoc. Committee on Underground Circulation of Water, liegiiming in 1876 , and R. 
Warington’s Report on experiments at the Ri^ithamsted I.<aboratory, Journ. ('hrm. Hoc, 1 887. 

- Paul, Watts’ ‘Diet. Chem.’ v. p. 1016. Daubn'e, from the chemical sale, groujm them 
in seven divisions with sotlmm-i blonde cither alone or with other chlorides or with 

sulphates or (Arbouates . here also come wmie springs with magnesium or caloi urn -chloride . 
2nd, with hydrochloric acid found at active volcanic centres ; 3rd, sulphuretted ; 4th, ylth 
free sulphuric acid ; 6tb, with sulphates of sodium, calciun}* magnesium ; alumiiious, ferrous 
or ferric ; 6tb, carbonated, containing carliojiate of aoda, or of lime, iron, magnesia or more 
complex compounds ; 7th, silicated. The mineral springs of the United States are, described 
by A. C. Peale, Bull. U. S. G. S. No. 82 (1886), p. 235; see also 14th Ann. Rtp. 
U. S. O. S. (1892*93). Besides their mineral solutions, many springs contain eonsiderable 
amounts of dissolved gases. Prof. W. Ramsay oiitainod argon and helium from a number 
of mineral waters exanunctl by him : Pntr. Huy, Soc. 1897. 

* Roth, ‘Chem. Geol.’ i. p. 48. “One litre of water, either cold or Ixnliiig, iliswjlves 
about 18 milligrammes,” Roscoe and Schorlemmer, ‘Chemistry,’ li. p. 208. 
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ritriol, copperas) in the total mineral ingredients, and are known by their inky taste, 
and the yellow, brown or rod ochry deposit along their channel. They may be fre( juently 
oheervcd in districts where beds or veins of pyritons ironstone occur, or where the 
rooks contain much iron-disulphide in combination, particularly in the waters of old 
mines. By the weathering of this sulphide (mnrcasite), so abundantly contained among 
stratihed rocks, ferrous sulphate is produced and brought to the surface, but in presence 
of carbonates, particularly of the ubiquitous caibonate of lime, is decomposed, the acid 
being taken up by the alkaline earth or alkali, and the iron becomings ferrous carbonate, 
which rapidly oxidises and falls as the familiar yellow or brown crust of hydrous peroxide. 
The rapidity with which ferrous-carbonate is thus oxidised and precipitated was 
well shown by Fresenius in the case of the Langenschwalbach chalybeate .spring. In its 
fresh state the water contains in 1000 jMirts 0‘37696 of protoxide of iron. After standing 
twenty-four hours it was found to contain only 87-7 per cent of the original amount 
of iron ; after sixty hours 62-9 jier cent, and .after eighty-four hours f3-2 per cent.^ 

Briiie^Spriwja (Soolquellen) bring to the surface a solution in which sodium chloride 
greatly predoiniuates. Springs of this kind appear whore Iteds of solid rock-salt o-xist 
underneath, dr where the rocks are iinpregnateil with that mineral. Most of the brines 
worked as sources of salt are derived from artifical borings into saliferous rocks. Those 
of Cheshire in England, the Salzkamnicrgut in Austria, Hex in Switzerland, Ac,, ha\e 
long been well known. That of Clemenshall, Wurtemta rg, yields upw'ards of 2f5 per 
cent of salts, ot which almost the whole is chloride of sodium. The other .substances 
contained in solution in the water of hrine-springsnre chlorides of {lotassiuin, magnesium 
and calciuiu ; sulphates of calcium, and le.ss frequently of smliuni, p()tas.sium, nuigiiesium, 
barium, strontium or aliinuiiiiim ; .silica ; com[)ounds of iodine and fluorine ; with 
pho8phate.s, arseniates, borate.s, nitrates, organic matter, carbon dio.vidc, sulphuretted 
hydrogen, marsh-gas and nitrogen.’' 

Medkinol Sp> imjs, a \ague term applie<l to mineral spiiiigs which liave or arc belic/eil 
to have curati\e ctfects in different dise.ases. Medical men recognise larious qualities, 
distinguished by the particular substance most coiispit uous in each variety of water— 
Alkaline IVntcrs, containing lime or soda and carbonic acid -Vichy, ’ Saratoga ; Hitter 
Waters, with sulphate of magnesia and soda —Sed lit/, Kissingeii : Suit or Murioted 
Watei's, with common salt as the leading mineral constituent - Wiesbaden, Cheltenliam ; 
Earthy Waters, Hino, either a sulphate oi carbonate being the mo.'^t marked ingredient 
— Bath, Lucca ; Sulphurous Waters, with sulphur as su![»huretted hydrogen and in 
sulphides— Aix-la-Chai>elle, Harrogate. Some of the.se mediciiinl springs are thermal 
waters. Even whore no longer warm, the water may ha\e aquired its peculiar medicinal 
characters at a great depth, and therefore under the influence of increased temperature 
and pressure. Sulphur springs are sometimes warm, but also occur abundantly cold, 
where tho water rises through rocks containing decomposing sulphides and organic* 
fnatter. Sulphates are there first forniedj which by the reducing effect of the organic 
matter are decomiwaed, with the resultant formation of sulphuretted hydrogen (p. 92). 
Sulphuretted hydrogen and 8uli>huronH acid are sometimes oxidised into sulphuric acid, 
which remains free in the water.' 


^ * Jmi'i'nal /Hr pmkt. Chem. l\iv. p. 368, quoted by Roth, q). cit. i. ji. 565. The river 
in the Vale of Avocn. Ireland, formerly contained .so much ferrous sulphate, carried into it 
by mine-waters, that its Wd and banks for several miles down to the sea were covered 
with an ochreous depo.sit. 

® Roth, ‘Chem. Oeol.' i. p. 442. Bischof, ‘Cheni. Geol.’ ii. Many subterranean water., 
though not deserving the name of brines, contain considerable proportions of chlorides. On 
the alkaline chlorides of the Conl-raeasare-s see R. Malherl>e, Bull. Acad. Roy. Belgique, 
1875, p. 16 ; also R. Laloy, Ami. Soc. OM. Nwrd, 1875, p. 195. 

•’ See G. F. Dollfu-s, ‘ Recherches gvologiques sur les Environs de Virhy.' Paris, 1894. 

' Roth, op. cit. i. pp. 444, 452. 
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Hot Springs, Gfyser$,~T\ie thermal watei-s of volcanic districta usually contain a 
marked percentage of dissolved mineral matter, notably silica, with aulpliaU^s, carlwnole#, 
chlorides, bromides, and other oombinntions. Perhaps the most detailed examination 
yet made of any such group of springs U the M‘ries of anal) ses |HM formed by the Geological 
Survey of the United States on the waters (tf forty-thieo hot springs in tlu* Yellowstone 
National Park. The temperatures of thoM* watei-s ranged up to 93 C'.. and the tt)tal 
amount of dissolved mineral matter up to ‘2 8733 grammes in e\ery kilogramme. The 
silica sometimes amounted to 0*6070 gramme, the sulphiu-ic acid to 1'9330, the carbonic 
acid to 1*2490, the chlorine to 1 044*i, the calemm to 0-3076. the magnesium to 0 0797, 
the potassium to 0 1603, the soihum to 0-t407, and there weie minuto (|nnntilieH of 
numerous other conslitueuts.' It lias been ascei tamed tliat in lliesc sjuings, also. Iresh- 
water algie play a considerable |iait in the piodnetiou ot the siitei. (Sec liook HI. 
Part II. Sect. in. S 3.) 

Oil Springs . — PetioltMun is sometune.s biought up lu dioi»s tUmtnig in s)iniig w.itei 
(St. Catherine’.s, near Edinburgh). In many countiies it lomes up Iw itsell oi mingled 
A\ith iiiflainmablo gases. Reference has aluady been made (pji. IS.'t, -tlS) to the abuiid- 
Hiioe of this [iroduct in Noith America. In western iViiusyhaniu, .some od-wells have 
yielded as much as 2000 to 3000 barrels of oil per <la\ 

Results of the Chemical Action of Undergrouiid Water.— 
Three reinarkalilc results of the chemical operation.^ of umlergrouinl water 
are : — 1st, The internal comp<».silion and minute .structure of rocks an* 
altered. 2n(l, Knormous quantities of mineral matter are carried U[> to 
the surface, where they are partly dejmsited in visdde form, and jiartly 
conveyed by brooks and rivers to the s<*ji .‘Ird, As a consequence of this 
transport, subterranean tunnels, jiassages, (•a\erns, grottos, and other 
cavities of many varied shapes and dimensions are formed. 

(1) .‘ilferdtwn nj rovh . — The proce.sses of oxidation, doo.xidalion, solu 
tion, hydration, and the formation of carhonati'.s, dc.scrihed (pj». iriO- W).'!) 
as carried on above ground by ruin, aio liken i.st; in progress on a great 
scale underneath. Since the j►ermeabjllty of subterrancun rock.s pemils 
water to find its way through their pores ji.s well as along their divisional 
planes, chemical changes, of a kind like those in ordinary weathming, 
take place in them, and at some ilepth may he inten.'iiHcd by internal 
terrestrial heat and pressure. Thi.s subterranean alteiatioii of rocks may 
consist in the mere addition of substanees introduced in chemical solution ; 
in the simple .solution and remoxal of some one or more eonstituents : or 
in a complex process of removal and replacement, wherein the original 
substance of a rock is molecule by molecule removed, xxhile new in- 
gredients are simultaneously or aftenxards sulistitutcd. In tracing these 
alterations of rocks, the study of {wcudoniorphs becomes im|K>rtant, for we 
thereby leani what was the original composition of the mineral or rock. 
The mere existence of a pseudomorph points to the remoxal and substiti!- 
tion of mineral matter by permeating xvater.** 

‘ V. A. Gooch andJ. E. WlnthH.I, /;«//. U. S. ov,./. No. 47, 188S. 

* See the authorities cited onlf, p. 319, 

* It is not needbil to take ncvouut here of siuh eweplional case-, au tlie artiheial con- 
version of aragonite into calcite by exiosure to a high temperature. In such j>araiiiorplui 
the change is a molecular or crystalline rather than n chemical one, though how it takes 
place is still unknown. P.seu<lomor])h*i may lie artiln mlly forine«l. rnntnlH of atacaniite 
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The extent to which such mineral replacement has been carried 
among rocks of the most varied stnicture and composition is probably 
best shown by the abundant petrified organic forms in formations of all 
geological ages. The minutest structures of plants and animals have been, 
particle by particle, removed and replaced by mineral matter introduced 
in solution, and this so imperceptibly, and yet thoroughly, that even 
minutiae of organisation, requiring a high power of the microscope for their 
investigation, have been preserved without distortion or disarrangement. 
From this perfect condition of preservation, gi-adations may be traced 
until the organic structure is gradually lost amid the crystalline or 
amorphous infiltrated substance (Fig. 108 ). The most important petrifying 
media in nature are calcium-carbonate, silica and iron-disulphide (marcasite 
more usually than pyrite). (See Book V.) 



Fig. lOS. KdssiI \VtK«i litJiii liiH, UuiiiUnIuihI, ) ig li»‘» - S»'(‘t,u>ii uf a i>ait of a Stnlartite 

showing parts pt'ifncUy priwj-vod and part-* Magiiilip-1 10 diaiiieti*i-s, 

doatroyisl by crystoHisation ol oalcit**. 

Magniilod 10 diniiu'ti'is. 

Another proof of the alteration which rocks have suffered from 
permeating water is supplied by the abundance of veins of calcite and 
quartz by which they are traversed, those minerals having been introduced 
in solution and often from the decomposition of the enclosing rock. As 
Bischof pointed out, a<lrop of acid seldom fails to give effervescence on 
pieces of rock, composed of silicates, which have been taken even at some 
little depth from the surface, thus indicating the decomposition and 
deposit caused by permeating water. As already stated. One of the most 
remarkable results of the application of the microscope to geological 
Jnquiry is the extent to which it has revealed these all-pervading alterar 
tions, even in what might be supposed to be perfectly fresh rocks. 
Among the silicates, the most varied and complex interchanges have been 
effected. Besides the production of calcium-carbonate by the decomposi- 
tion of such minerals as the lime-felspars, the series of hydrous green 
ferruginous silicates (delessite, saponite, chlorite, serpentine, &c.), so 
commonly met with in ciystalline rocks, are usually witnesses to the 

(0Q403Clg-(-4Hs0) places! in a .solntion of bicarbonate of i^a are completely changed into 
malachite in fonr years. Tschermak's Min. MittK. 1877, p. 97. 
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influence of infiltrating water. The changes visible in olivine (pp. 1 03, 242) 
ofier instructive lessons on the progress of transformation. One further 
example may be cited as supplied by the zeolites, so common in cavities and 
veins among many ancient volcanic and other crystalline rocks. These have 
commonly resulted from the decomposition of felspars or allie<i nujierals. 
Their mode of formation is indicated by the oWrvation already cited 
(p. 411), that Roman masonry at the bjiths of Plombicres has in the 
course of centuries been so decomposed by the slow percolation of alkaline 
water at a temperature not exceeding 50' (\ (122*^ Fahr.) under ortlinary 
atmospheric pressure, that various zeolitic silicates have been developed 
in the bricl^^ 

(2) ('hemical deposits. — Of these by far the most abundant is calcium 
carbonate. The way in w'hich this substance is removed and i e-dc})ositod 
by permeating water can be instructively kudied in the formution of the 
familiar stalactites and stalagmiie.s beneath damp arches and in limestone 
caves (p. 191). As each drop gathers on the roof ami begins to evaporate 
and lose carlmnic acid, the excess of carbonate which it can no longer 
retain is deposited round its edges as a ring (Fig. 109). Drop succeeding 
drop, the original ring grows into a long pendant tube, which, by sub- 
sequent dejiosit inside and outside, liecomes a solid stalk, and on reaching 
the floor may thicken into a ma8si\e pillar. At finst the calcareous 
substance is soft and^ when dry, pulverulent, but by prolonged saturation 
and the internal deposit of cidcite it become.s by degrees crystalline. 
Kach stalactite is found to pos.sc.s.s an internal radiating Hbrous structure, 
the fibres (prisms) passing across the concentric zones of growth (}). 191). 
The stalactite remains saturated with calcareous water, and the di\ergont 
prisms are developed and continued as radii from the centre of the stalk. 
This process may be completed within a short pcricxl. At the North 
Bridge, Edinburgh, for e.xample, which wiis erected in 1772, stalactites 
were obtained in 1874, .some of which measured an inch and a half in 
diameter and posse.ssed the characteiistic ra^bating structure.^ It is 
doubtless by an analogou.s proce.s.s that limestones, originally comj>osed 
of the dkiris of calcareou.s organi.sms and interslratilied among p(‘rfectly 
unaltered shales and .sandstones, have acquirc<l a crystalline structure 
(p. 156).'* 

Some calcareous sj)ring8 <lcj) 08 it abundantly a piecipiute of carbonate 
of lime u|K)n mosses, twigs, leaves, stones and other objects. The 
precipitate takes place w'hen from any cause the water pirts with car- 
bonic acid. This may arise from mere evaporation, luit is frcfjuently due 
to the action of bog-mosses and water-plants, which, decom])osing th# 

* Daubive, ‘ti^ologie expt-rijuenlale,' )), 179 >i •'***/■ As alreaily iiieiitioiMul (atUe, 
1». 411), the formation of zeolites can W effected even l»y anow- water, 

* The rate of (Ie]x>»it in the lugleborongh Cave is staled to la* ‘2916 inch jM*r annum, 
or about 2^ feet in a century (Boyd Dawkins, Bn(. A$s»r. 1880, .Sects p. 078). This is 
probably an exceptionally rapid growth. 

’ Sorhy, Address to Geological Society, Q. J. fitul. Soc. 1879, p. 42 el Tlie finely 
fibrous stmetnre seen in chalcedony under the microscope with jKilariMyl light jiasses in a 
similar way through the l>ands of growlh of jiebbles. 
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carbonic acid, cause a crust of carbonate of lime to be deposited round 
their stems and branches {po$tea^ p. 611). Hence calcareous springs are 
popularly called “petrifying,” though they merely encrust organic bodies, 
and do not convert them into stone. Calc-sinter or travertine, as this 
precipitate is called, may lie found in course of formation in most lime- 
stone districts, sometimes in masses large enough to form hills, and 
compact enough to furnish excellent building-stone. The travertine of 
Tuscany is deposited at the Eaths of San Vignone at the rate of six inches 
a year, at San Filippo one foot in four months. At the latter locality it 
has been piled up to a depth of at least 250 feet, forming a hill a mile 
and a quarter long and a third of a mile broad. ^ An instructive 
illustration of the rapidity with which the travertine may be deposited 
is furnished by the Foceno sinter of Sezanne, Marne. This deposit 
contains hollow casts of flowers which fell on the growing sinter, and 
were crusted over with it before they had time to wither. As the 
material thickened round them they decayed inside, but the hardened 
carbonate preserved an accurate mould of their forms. When hot wax 
is injected into these cavities, and the surrounding lime is dissolved 
away with acid, [jorfect casts of the flowers are obtained. 

Chalybeate .springs give rise to a deposit of h 3 'drous pero.xide of iron. 
This has already been referred to as a yellow and reddish-brown deposit 
along the channels of the water. Some acidulous springs, like those of 
the Ijaacher See, deposit large quantities of ochre. In undrained districts 
of temperate latitudes, as in Northern Furope and America, much iion is 
also deposited beneath soil which re.sts on a retentive subsoil. When the 
descending water is arreste<l on this subsoil, the iion, in solution as 
organic salts that oxidise into ferrous carbonate, is gradually con\erted 
into the insoluble hydrous ferric oxide, which is precipitated and forms a 
dark ferruginous layer, known to Scottish farmers as “moorband ptin.” 
So effectually does this layer interrupt the drainage that the soil remains 
permanently damp and unfertile. But when the “ jwn ” is broken up and 
8i)read over the surface it ((uickly disintegrates, and improves the soil, 
which can then be properly chained {jxistea, p. 612). 

Siliceous .springs form important ma-sses of sinter round the point of 
outflow. The bjisins and funnels of gcy.sers ha\ e already been described 
(p. 315). One of the sinter-beds in the Iceland geyser region is said 
to be two leagues long, a quarter of a league wide, and a hundred feet 
thick. Fnormous beds of similar material ha\e been formed in the 
Yellowstone geyser region. Such accumulations usually point to proximity 
,to former volcanic centres, and are formed during one of the latest phases 
of volcanic action. 

^ Lyell, ‘Principles,’ i. p. 402. At Narni, the greater the velocity of flow, the greater 
the deposit of lime, very little being drixisited in stagnant water. The amount thrown down 
increases with temperature and distance from source, exposure to the air being necessary for 
depoeitiou. B. Fabri, /’roc. Jtist. Cit\ Engin^^a, xli. (1876), p. 246. The student will find 
mneh detail regarding the abstraction and deposit of carbonate of lime by subterranean 
^vater in a paper by Senft, “Die Wandemngen und Wandelungen des koblensHuren Kalkes,” 
Z. D. G. 0. xiii. p. 263, 
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(3) Foi'mation of suhtenanean eJianneh tml cavmut . — Measurement of 
the yearly amount of mineral matter brought up to the surface by a 
spring, furnishes an approximate idea of the extent to which underground 
i-ocks undergo continual loss of subsUince. The warm springs of Hath, 
for example, with a mean tem|)erature of 120 Fahr., are iiujiregnated 
with sulphates of lime and soda, and chlorides of sodium and magnesium. 
Sir A. 0. Itamsay estimated their annual discharge of mineral matter 
to be equal to a square column 9 feet in diameter and 1 40 feet in height. 
Again, the St. Lawrence spring at Loueche (Leuk) diseliargo.s every 
year 1620 cubic metres (2127 cubic yards) of dissolved sulphate of 
lime, equivalont to the lowering of a bed of gypsum one s(juare kilometre 
(0‘3861 square mile) in extent, more than 16 (leeimetres (upwards of five 
feet) in a century.^ 



Kij; 110 Sim lioii ol n I iiiH'fUiii.' C hm'i n (/I ) 

1 1, A lull, iii-rforatiMl by u laM'iii (>i f>) wliloli (M>iiiiiiinilc»tt'» \mI'i lb*' \ulli*y (i) by an ii|>fiiing 

(ii) The Iwlloui of lilt) cHvtMii IK (MiteriMl witli hhmI*-ioiim loinn, aliovi* wlin h lifH ii Ihvt of MUlait- 
iiiife (if </), whib* stalactifiN Imnn from flir toof, Htnl by joiiiin,; tlif IliKir flu- ('itvcrn Into 

two cliainlxTs 


By prolonged abstraction of this nature, .sul»tei raneaii tunnels, channels 
and caverns have been formeil. In regions abounding in rix-k-salt deposits, 
the result of the solution and removal of these by underground water is 
visible in local sinkings of the ground and the conse<juent formation of 
pools and lakes. The landslips and mere.s of (’heshire are illustrations of 
this process. In that county, owing to thii pum|)ing out of the brine in 
the manufacture of sidt, tracts of ground sometimes more than 100 acres 
in extent have sunk down and become the sites of lakes of varying depth, 
some being 45 feet deep.- In calcareous districts, still more striking cfi'ects 
are observable. The ground may there be found lirillcd with vertical 
cavities [sivalloio-holes, sinks^ do/irww), lyy the solution of the rock along lineSj^ 
of joint or of faults that serve as channels for descending min water. The 
line of outcrop of a limestone-band, among non-culcaroous strata, may 
often be traced, even under a covering of superficial deposits, by its row 
of swallow-holes. Surfacexlrainage, thus intercepted, passes at once under 
ground, where, in course of time, an elaborate system of sjyacious tunnels 

* E. Reclus, * La Terre,’ i. p. 340. 

* T. Ward, “Hiftory and Cause of the Hubsideitces at Northwjcli, kc.” 1887, f/eof. 
Naif. 1887, p. 517. 
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and chambers may be dissolved out of the solid rock (Fig. 112).^ Such has 
been the origin of the Peak caverns of Derbyshire, the intricate grottos 
of Antiparoa and Adelsberg, and the vast labyrinths of the Mammoth 
Cave of Kentucky. 2 In the course of time, the underground rivers open 
out new courses, and leave their old ones dry, as the Poik has done at 
Adelsberg. By the falling in of the roofs of caverns, or the widening of 
the fissures that reach up' to the soil, a communication is established with 
the surface, and land-shells and land-animals fall into the holes, ^ or the 
caverns are used as dens by beasts of prey, so that the remains of 
terrestrial animals are preserved under the stalagmite. Not unfrequently 
caverns, once open and freely used as haunts of carnivora, htr\'e had their 
entrances closed by the fall of debris, as at d in Fig. Ill, where also the 



Ft;; 1 1 1, -SfCtioii (if H I,unestoii(‘ CH\*'rn with fallen in louf ninl ciini'(‘al('it eiiliance (/t ). 

partial tilling uj) of a cavern {a a) from the same euiise is seen. Where 
the collapse of a cavern roof takes place below a water-course, the stream 
is engulfed In tliis way, brooks and rivet's suddenly disappear from the 
surface, and after a long subterranean course issue again in a totally 
different surface-area of river -drainage from that in which they 
took their rise, and sometimes with volume enough to be navigable 
almost up to their outflow. In such circumstances, lakes, either 
temporary, like the Lake Zirknitz in Carniola, or perennial, may l)e 
.formed over the sites of the broken-in caverns ; and valleys may thus be 
deepened, or gorges may be formed.^ Mud, sand and gravel, with the 
remains of plants and animals, are swept belou' ground, and sometimes 

* For account.^ of the remarkable houeyeoiubed I'egioii of Carniola, Ac., .see Mojewovica, 
‘Oeologie von Bosu leu- Hercegovina,’ pp. 44-60; ZeilAck. Ihutscii. Alpfiiwrems, 1880. E. 
Tletze, Jahrb. drol. Reieh«anst, xxx. (1880), p. 729, and pai^ers cited by him. E. Reyer, 
“ Stndieu lilHir daa Karat-relief," Miit, Utoyraph. ff«., Vienna, 1881 . Viola, “ lia Struttnra 
Carslca," Boll. Omi. Ueol, Had. xxviii. (1897), p. 147. A. Parat on this structure in the 
Cure ami Youne, Cmgr, Uhl, IntenuU. Fans, 1^, p. 419. B. Dupont on the Han-Rochefort 
(hstrict of Belgium, Ann. Soc, Bslg. OM, tome vii. 1893. 

* For a popular account of caves, see F. Kraus, “Hbhlenkunde,” Vienna, 1894 ; H. Kloos 
and Max MtUler have pnbllshed an account with photographs of the Herman’s Cave of 
RUbeland in Brunswick (Weimar, 1889). 

’ As a good example of this result, the Ightham Hssure aud its abiinduit animal remains 
may be cited, Q. /. 0. S, 1. (1894), pp. 171-187, 188-211, where the investigations of 
Messrs. Abbot and Newtou are given. Various other instances will be cited in Book VI. 

* See Interesting accounts by M. Martel of the subterranean cbannels of the Cansses or 
Jurassic limestone plateanz of Gard and Los^ in the sonth of France, and of the formation 
of cafions there. CampL rmd. 1888. B. S, G. F. xvii. (1889), p. 610. 
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accumulate iu deposita of loam and breccia, such as are so often found in 
ossiferous caverns (Fi^. \10, 111). 

As from time to time the roofs of underground chambers, weakened 
by the constant abstraction of mineral matter, collaj)se, or large i)ortiouH 
are detached from them and fall on the floors below, sudden shocks are 
generated which are felt above ground as earthquakes. In subsiding to 
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fill up hollows from which the rock has been removed in soliilion, the 
overlying strata may be greatly contorted and fractured, those under- 
neath remaining undisturl>ed. 

2. Mechanical Action. — In its passage along fissures and channels, 
underground water not merely dissolves and removes mineral substances 
in solution, it likewise loosens finer particles and carries them along in 
mechanical suspension. This removal of material sometimes pnxiuceif 
remarkable surface-changes along the sides of steep slopes or cliffs. A 
thin porous layer, such as loose sand or ill-compacted sandstone, lying 
between more impervious rocks, such jw masses of clay or limestone, and 
sloping down from higher ground, so as to come out to the surface near 
the of a line of abrupt cliff, serves as a channel for underground 
water which issues in springs or in a more general oozing at the foot of 
the declivity. Under these circumstances the support of the overlying 
mass of rock is apt to be loosened ; for the water not only removes piece- 
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meal the sandy layer on which that overlying mass rests, but, as it were, 
lubricates the rock underneath. Consequently, at intervals, portions of 
the upjier rock bretik off and slide down into the valley or plain below. 
Such dislocations are known as landslips or landslides} The movement 
may be gradual, as in the case of the Bee Rouge in the Tarentaise, where 
the side of the mountain is slowly overwhelming the village of Miroir,- 
or it may be sudden and disastrous. 

Where landslips have been sorted initially by a shattering of the 
ground during an earthquake shock (ante, p. 372), the subsequent progress 
of slipping may be largely due to the inHuence of underground water and 
general atmospheric disintegration. Illustrations of this combination of 
causes resulting in extensive disturbance of the sides of mountains and 
valley slopes appear to be furnished by the high grounds of Colorado so 
well described by Mr. Whitman Cross.^ 



Along w'a-coasts aii<l nvei-valleys at the base of diffs .subject to continual or freiiueiit 
removal of inaterial by running watei, the phenomena of huulslips are best seen. The 
coast-line of the IJntish Islands abounds with 
instructive evamplos. On the shores of Dorset- 
shire, for instance (Fig. 113), impervious Liassic 
clays («) are overlain by porous greensand {!>), 
abovewhich lieschalk (c) capped with gravel {d). 
In consecpiciice of the iiercolatioii of water 
through the sandy /one (/;), the support of the 
oveilying mass i.s destroyed, and hence, from 
time to time, segments are launched down to- 
wards the sea. In this way, a confused medley 
of mouiulsaiid hollows( f) foims a characteristic 
strip of gi'ouiid termed the '‘Undercliff” on this and other jwirts (»f the English coasts. This 
i-ecession of the upjicr or inland cliff through the opeiation of spniigs is heie more rajuil 
than that of the lower olilf {<j) washed hy the sea.* In the year l!:i39, after a season of 
wot weather, a mass of chalk on the same coast slipj>cd over a bed of clay into the sea, 
leaving a rent three-quarters of a mile long, 150 feet deep, and ‘240 feet wide. Tlie 
.shifted mass, bearing with it houses, roads, and fields, was craeked, broken, and tilted 
in vuriou.s ilirections, and was thus pre|vared for further attack and I'cinoval by the 
waves.® In February 1891 a mass of chalk-cliff calculated to contain some 10,000 tons 
of material gave way on the cliffs to the east of Hiighton, ami fell to the lieacli, breaking 


Kig. U3.- S<“ctioii of LaiulHlip foinong 
tin l.'irlitr, I’tnliay, l.yinc-UsKis (P ), 


‘ Baltzer, in Ins work, “ Ueber Bergstuue m deii Alpen ” (Zurich, 1875), classifies 
Swiss landslips into four categories, viz. : Ist, Kock-fulls (Felssturze) ; ‘2nd, Earth-slips 
(Erdschliffe) ; 3rd, Mutl-.streani.s (Schlaiumstromc), where soft strata saturated with water 
are crushed by the weight of overlying rock and move down in mass, like lava ; 4th, Mixetl 
falls (geinischte Sturze), where, as m most instances rock, earth, and mud are launched 
down the declivities. More recently he has offered another classification of landslips, 
according to the dimensions of the mass moved and the solid or muddy condition of 
the material: AVae# Jnhrb. 1880 (ii.), p. 198. See A. Rothpletz, Z, D. G. 0. 1881, p. 
640; also op. cit. 1882, pp. 430, 435. E. Buss and A. Heim, ‘Der Bergsturr vou 
Elms,’ Zurich, 1881. 

L Borrell, B. A G. F. ser. 3, vi. (1877), p. 47. 

* gist Ann. Rep. U. S. (/. S, 1900, pp. 129-167. 

* De la Beche, ' Geol. Observer,’ p. 22. 

® Oonybeare and Buckland’s ‘Axraonth Landslip,’ Loudon, 1840. Lyell, ‘Principles,’ 
i. p. 636. 
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away part of the main road above. In March 1898, by nn extensive slipping of the 
Lower Greensand towards the beach, a large part of the town of Sandgate on the coast of 
Kent was destroyed. The antiquity of many landslips is shown by the ancient build- 
ings occasionally to be seen ufwn the fallen masses. The underclitf of the Isle of 
Wight, the cliffs west of Brandon Head, county Kerry, the basalt 08 car))ment 8 of 
Antrim, and the edges of the great volcanic plateaux of Mull, Mkyc and Kaasay, 
furnish illustrations of such old and prehistoric landslips. 

On a more imposing scale, and interesting from its melancholy circumstances being 
so well known, was the celebrated fall of the Kossberg, a mountain (a, Fig. 114) situated 
behind the Rigi in Switzerland, rising to a height of 
more than 5000 feet above the .sea. After the rainy 
summer of 1806, a large |mrt of one side of the 
mountain, consisting of steeply sloping beds of haid 
red sandstone and conglomerate (5), le.sting ujmju suit 
sandy layers (c c), gave way. The lubrication of the 
lower surface by the water having loosened the 
cohesion of the ovei lying mass, thousands of tons of 
solid rock, set loose by mere gravitation, .suddenly 
swept across the valley of Goldau (d), hurying about a square German mile of fertile 
land, four villages containing 330 cottages and outhomses, with 457 inhabitants.' In 
1855 a mass of debri.s, 3500 feet long, 1000 feet wide, and 600 feet high, slid into the 
valley of the Tiber, which, dammed back by the obstruction, overflowed the village of 
San Stefano to a depth of 50 feet, until drained oft by a tunnel. 

Gigantic laiidsliiks have from time to time taken jdace on the line of the Canadian 
Paoitic Railway, Owing to inigation of the sides of the valley of the Thompson River, 
the upfier sandy defKisits that overlie the boulder-clay become saturated and finally give 
way, rushing down to the river below. In 1881 one slide was estimated to contain a 
mass of 100,000,000 tons of di.slo<lgetl material '•* The heavy lainfall of India frequently 
gives rise to extensive and disastrous landslips. * 

§ 3. Brooks und Kivers. 

These will be considered under four aspects: — (1) sources of supply, 
(2) discharge, (3) flow, and (4) geological action,* 

1. Sources of Supply. — Rivers, as the natural drains of a land- 
surface, carry out to sea the surplus water after evaporation, together 
with a vast amount of material worn off the land. Their liquid contents 
are derived partly from rain (including mist and dew) and melted snow, 
partly from springs. In a vast river-system, like that of the Mississippi, 
where the area of drainage is so extensive as to embrace different 
climates and varieties of rainfall, the amount of discharge, being in a 
great measure independent of local influences of weather, remains 

' Zay, * Goldau und seine Gegend.' Baltzer, AVm« Jahrh 1875, p. 15. Upwards (ff 
150 de.structive landslips have bwn chronicled in Switzerland. Riedl, Nnua Jahrb. 1877, 
p. 916. 

*'• R. B. Stanton, Min. Prtx:. InM. (Jiv. Kngin. cxxxii. (1897). 

* Accounts of these are to be found in the Keporti of the Gtutl. Surv. India ; Nature, L 
(1894), p. 231. For descriptions of Norwegian lamlslips, see No. 27 of the Reports of the 
Norgee Oeol. VntUrabg. by P. J. Frus (1898) and H. Reusch in Aarbog for 1900. 

* An excellent monograph on a river is C. Lentheric’s ‘ I>e RhSne, Hiatoire d’un Fleuve,' 
2 Tola., Paris, 1892, See flao ‘River Development aa illustrated by the Rivers of H. 
America,* by I. C. Rnasell (Progressive Science Series), pp. xv, 327. 

^ VOL. I 2 I 
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tolerably uniform, or is subject to regular, periodically recurrent varia- 
tions. In smaller rivers, such as those of Britain, whose basins lie in a 
region having the same general features of climate, the quantity of water 
is regulated by the local rainfall. A wet season swells the streams, a 
dry one. diminishes them. Hence, in estimating and comparing the 
geological work done by diflerent rivers, we must take into account 
whether or not the sources of supply are liable to occasional great 
augmentation or diminution. In some rivers, there is a more or less 
regularly recurring season of flood followed by one of drought. The 
Nile, fed by the spring rains of Abyssinia, floods the plains of Egypt 
every summer, rising in Up[)er Egypt from 30 to 35 feet, at Cairo 23 to 
24 feet, and in the seaward part of the delta about 4 feet. The Ganges 
and its adjuncts begin to rise every April, and continue doing so until 
the plains are converted into a vast lake .32 feet deep. In other rivers, 
sudden and heavy rains, occurring at irregular intervals, swell the usual 
volume of water and give rise to floods, freshets or “spates.” This is 
markedly the case with the rivers of Western Europe. Thus the Khone 
sometimes rises lU feet at Lyons and 23 feet at Avignon ; the Sadne 
from 20 to 24 J feet In the middle of March 1870, the Seine rose 20 
feet at I’aris, the Oise 17 feet near Compiegne, the Marne 14 feet at 
Damery. The Ardiche at Gournier o.Kceeded a rise of GO feet during the 
inundations of 1827.^ The causes of floods, not oidy as regards meteoro- 
logical conditions, hut in respect to the geological structure of the 
ground, merit the careful attention of the geological student, lie may 
occiisionally observe that, other things being e({ual, the volume of a flood 
is less in proportion to the permeability of a hydrographic basin, and the 
consequent ease with which rain c.au sink beneath the surface. 

Wore rivers entirely dejiendent upon direct supplies of rain, they 
would only flow in rainy seasons and disappear in drought. This does 
not hapfien, however, because they derive much of their water not 
directly from rain, hut indirectly through the intermediate agency of 
springs. Hence they continue to flow even in very dry weather, because, 
though the 8U|)erficial supplies have been exhausted, the underground 
sources still continue available. In a long drought, the latter begin at 
length to fail, the surface springs ceasing first, and gradually drying up 
in their order of depth, until at last only deep-seated springs furnish a 
perhaps daily diminishing quantity of water. Though it is a matter of 
great economic as well as scientific interest to know how long any river 
would continue to yield a certain amount of water during a prolonged 
„ drought, no rule seems possible for a generally applicable calculation, 
every area having its own peculiarities of underground drainage, and 

' For a graphic accouut of rivers .swollen by heavy rainfall, aee Sir T. D. Lauder’s 
* Morayshire Flooils. ' On torrents, consult Snrell and Cezautie, ' IStudea siir les Torrents des 
Hautes Alpes.’ Tlie rivers of the UniUHi States have been made the subject of detailed 
observation for some years past, and the voluminous results of their measurements will be 
found in the volumes containing the hydrographic wui^k of the Geological Survey. See for 
example tSth dna. Rfp. (1898), where more than 400 pages are devoted to tlie subject. 
The 19th and 20th Reports areeveu more copious. See also BnlldinSy Nos. 181 and 140. 
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varying greatly from year to year in the amount of rain which is 
absorbed. The river Wandle, for instance, drains an area of 51 square 
miles of the chalk downs in the south-east of England. For eighteen 
months, from May 1858 to October 1859 , as tested by gauging, there 
was very little absorption of rainfall over the drainage bfvsin, and yet the 
minimum recorded flow of the Wandle was 10 , 000,000 gallons a day, 
which represents not more than *4090 inch of rain absorbed on the 51 
square miles of chalk. The rock is so siiturated that it can continue to 
supply a large yield of water for eighteen mouths after it ha.s eeased to 
receive supplies from the surface, or at least has received only very inueh 
diminished supplies. ^ 

2. Discharge. — What proportion of the toud rainfall is discharged by 
rivers is another ([uestion of great geological and industiial interest. 
From the very moment that water takes visible form, as mist, cloud, dew, 
rain, snow or hail, it is subject to evaporation. When it n'aches the 
ground, or flows off into brooks, rivers, lakes or the sea, it undergoes 
continual diminution from the same cause. Hence in regions where rivers 
receive no tributaries, they grow smaller in volume as the} move onward, 
till in dry, hot climates they even disappear. Apart from temperature, 
the amount of evaporation is largely regulated by the nature of the 
surface from which it takes place, one soil or rock differing from another, 
and all of them probably from a surface of water. Full and detailed 
observations are still wanting for debermining the relation of evaporation 
to rainfall and river discharge.- During severe storms of rain, the water 
discharged over the land finds its way, to a very large extent, at once 
into brooks and rivers, by which it reache.s the sea. Mr. David Stevenson 
remarks that, according to difl’erent observations, the amount carried off 

* Luoa.s, ‘Horizontal Welts,’ London, 1S74, pj). 10, II, See iiUo Unuthwaiti, J/m. Pox', 
hint. Civ, Kiujm. XX. Lawes and OiUmtL on the pen olation of lain llirouKh sfulmind rliulk, 
Mm, Ptoc, Inst, Civ. Engin. xh. p. 208 , se< aUo (Ireavcs, op. rit. p. 19. (lilhert, up, rit. 
ov, (1891), pait iii, 

^ la the present state of rnir information if '<eem'> almost useless to staU' any of the 
results aliwly obtained, so widely <li.screpant and ii reconcilable arc Ihoy. In .some cases, 
the evaporation is given as usually three times the rainfall : and that evaporation always 
exceeded rainfall was for many years the belief among tlie French hyilraulic enginta-rH. (See 
AnnaUji (Us Ponts el-Chawsfes, 1850, p. 3S:{.) ()bser\atioiis on a larger wale, and with 
greater precautions against the undue heating of the oajiorator, have since shown that as 
a rule, save in exceptionally dry years, evaporation is lower tlian rainfall. As tlie average 
of ten years from 1860 to 1869, Mr. (Ireaves found tfiat at Ix-a Ilndge the eva|M>raUon 
from a surfai'e of water wa.s 20*946 inches, while the rainfall was 25*534 (Hymons'a Jintish 
Rain/all for 1869, p. 162). On the great plains of the llriite<l .States, wlierc, outside of tlft 
humid belt, the climate is dry, the average annual cvajKiratwii, under the most favourable 
condition of a free water surface, largely exceeds the total annual prcf ipitation, Va-ing in 
some places as much as 54*6 iuche.s against 20*4 inches of raiufali. The exc«»)S is observable 
even in the wheat-growing north-west. On the other hand, at New Orleans the conditions 
are reversed, the rainfall amounting there to 60*3 iuihes, while the eva|>oiatiou fails to 
45*4 inches. W. D. Johnson, ^n«. Rep. U. S. ft. fi. 1901, jiait iv, “ Hydrograjihy," 
p. 677. But we still need an accumulation of observations, taken in many different situatioiw 
and exposures, in different rocks and sods, and at various heights aVxive the sea. (For a 
notice of a method of trying the evaporation firom soil, see lUitUh Rain/all, 1872, ]•. 206. ) 
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in floods varies from 1 to 100 cubic feet per minute per acre.^ In 
estimating and comparing, therefore, the ratios between rainfall and river 
discharge in different regions, regard must be had to the nature of the 
rainfall, whether it is crowded into a rainy season or diffused over the 
year. Thus, though floods cannot be deemed exceptional phenomena, 
forming as they do a jjart of the regular system of water-circulation over 
the land, they do not represent the ordinary proportions between rainfall 
and river discharge in such a climate as that of Britain, where the rain- 
fall is spread more or less equally throughout the year. According to 
Beardmore's table, ^ the Thames at Staines has a mean annual discharge 
of 32 ‘40 cubic inches per minute per square mile, equal to a depth of 7*31 
inches of rainfall run off, or less than a third of the total rainfall. The 
data, carefully collected by Humphreys and Abbot for the basin of the 
Mississippi and its tributaries, are shown in the subjoined table : ^ — 


l^tio of l)l^<’)larKl• 


Ohio River 


to Haintail. 

. 0-24 

Mi.ssouri River . 


. 015 

Upper Mississippi River 


. 0-24 

Small Tributaries 


. 0-90 

Arkansas and White River 


. 0’15 

Red River 


. 0-20 

Yazoo River 


. 0-90 

St. Francis River 


. 0‘90 

Entire Mississippi, exclusive of Red River . 

. 0 '25 


In tho Mississippi basin, one-fourth of tlie rainfall is thus diachargetl into the sea. 
The Elbe, from the beginning of July ISTI to the end of June 1872, was estimated to 
earry off at most a quarter of the rainfall from Hohemia.* The Seine at Paris appears 
to cany off about a third of the rainfall. In Great Hritain from a fourth to a third 
part of the rainfall is perhaps carried out to .sea hy .streams.' 

In comiMiring also the discharges of different rivers, regard should be piid to the 
influence of geological structure, and jiarticularly of the permeability or imjH-Tuieability 
of the rocks, as regulating the supply of water to rivei’s. Thus the Thames, from a 
catchment basin of 3670 square mile.s and with a rainfall of 27 inches, ha.s a mean 
annual discharge at Kingston of 1250 millions of gallons a day, and rather more than 
688 millions of gallons in summer. The Severn, on the other hand, inhich gathers its 


* ‘Reclamation and Protection of Agricultural Land,’ Edin. 1874, p. 15. 

*'* ‘ Hydrology,’ p. 201. Comp. Report of Royal Comnii.ssion on Water Supply, 1869, 
p. Ini. 

* ^Physics and Hydraulics of the Mississippi River,’ Wa.shiDgton, 1861, p. 136. For 
reoeut detailed measurements of the discharge of rivers in the United States, see the series 
^f hydrographic reixirts above cited. The last of these reports {:ilst Ann. Rep. 1901, part 
iv.) contains a voluminous record and discussion of the subject. 

* Verhnndl. Oeol. Reichsamtalt, Vienna, 1876, p. 173. 

* In mountainous tracts having a large rainfall and a short descent to the sea, the pro- 
jxirtion of water returned to the sea must be very much greater than thb. Mr. Bateman’s 
observations for seven years in the Loch Katrine district gave a mean annual rainfall of 874 
inches at the heatl of the lake, with an outflow equivaleut to a depth of 81 'tO inches of rain 
removed from the drainage basin of 714 square miles, See a paper by Graeve on the 
quantity of water in German rivers, and on^the relation between rainfall and discharge, Jkr 
CivU’Ingenieur, 1879, p. 591 ; A’aftirr, xxiiL p. 94. J. Morray, Scott. Oeog. Mag. 1887. 
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sapplies mainly from the hard, impervious slate hills of Wales, has a drainage area abore 
Gloucester of 3890 square miles, with an average rainfall of probably not less than 40 
inches. Yet its daily summer discharge does not amount to 298 millions of gallons, and 
its minimum sinks as low as 100 millions of gallons, while that of the Thames in the 
driest season never falls below 350 millions. In the one case, the water is stored up 
within the rocks and is dispensed gradually ; in the other, it in great measure runs off at 
once.' It is likewise deserving of note that the ojiorations of man, particularly in 
draining land and deforesting, may materially alter the mean level of a river and 
increase the volume of floods. The mean level of the Elbo at Dresden is said to have 
been perceptibly diminished by human interference, while in the Rhine the low-water 
level has been lowered, and tlie floods have been augmented.* The quantity of water 
poured into the sea by the larger rivers of the ghdn* varies with the season of the year. 
The River Plate was estimated by Bateman to discharge in dry weather 6/0,000 cubi. 
feet per second, a quantity equal to the mean volume of thirty-three years pa.ssing down 
the Missiasippi, while the mean flood of the Amazons varies from 2,700,000 to 3,5] 0,000 
cubic feet {ler second, or thirty three times the volume of the Nile.'* 

3. Flow. — While, in obedience to the law of gravitation, a river 
always flows from higher to lower levels, great variations in the rate and 
character of its motion are caused by inequalities in the angle of slope of 
its channel. A verticid or steeply inclined face of rock originates a water- 
fall ; a rocky declivity in the channel gives rise to rapids ; a Hat plain 
allows the stream to linger with a scarcely visible current ; while a lake 
renders the flow nearly or altogether imperceptible. Tims the rate of 
flow is regulated in the main by the angle of inclination and form of the 
channel, hut partly also by the volume of water, an increase of volume in 
a narrow channel increasing the rate of motion even without an increase 
of slope.* 

The course of a great river may be divided into three parts : (1) 
Mountain Tracks — whore, amidst clouds or snows, it takes its rise as a 
mere brook, and, fed by innumerable similar Ujrrcnts, dashes rajiidly 
down the steep sides of the mountains, leaping from crag to crag in 
endless cascades, and growing every moment in volume, until it enters 
lower ground. (2) The Valleij 7'mr/-, —where, now flowing through lower 
hills or undulations, the stream is found at one time in a wide fertile 
valley, then in a dark gorge, now falling headlong into a c<’itaract, now 
expanding into a broad lake. This is the part of its career where it 
assumes the most varied aspects, and receives the largest tributaries, 
(3) The Plain Track, — where, having quitted the undulating region, tke 
river finally emerges upon broad plains, probably wholly or in great part 
composed of alluvial formations de|> 08 ited by its own waters. Here 
winding sluggishly in wide curves, it may eventually bifurcate, as it 
approaches the sea and spreads through its delta, enclosing tracts of flat 
meadow or marsh, and finally, amid hanks of mud and sand, jjassing out 
into the great ocean. In Europe, the Rhine, Rh6ne and Danube; in 

^ Preatwich, Q. J, (Jeol. Soc. xxviiL p. Ixv. Compare the confUtion* of the catchment 
basin of the Seine aa given by A. Delahre, Ann. Qm»erv. Art$ ri No. 138, p. 335. 

* “Report of (Austrian) Committee on Diimnution of W'ater in Springs and Rivera," 
PrtK. Inst. Civ. Engineers, xlii. (1875), p. ji71. 

* T. Mellard Reade, “Rivers," Trans. Liverpool Heel. Soc. 1882. 

< See A. Tyior on the lawn of 'river-action, Oeol. Mag. 1876, p. 443. 
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Asia, tlie Ganges and Indus ; in America, the Mississippi and Amazon ; 
in Africa, the Nile and Niger — illustrate this typical counse of a great 
river. 

If we draw a longitudinal section of the course of any such river or 
of any of its tributaries from its source, or from the highest peaks around 
that source, to its mouth, we find that the line at first curves steeply from 
the mountain crests down into the valleys, but grows less and less inclined 
through the middle |K)rtion, until it finally can hardly be distinguished 
from a horizontal line. This feature, however, is not confined to stream 
courses, but belongs to the architecture of the continents. 

It is evident that a river must flow, on the whole, fastest in the first 
portion of its course, and slowest in the last. The common method of 
comparing the fall or slope of rivers is to divide the difference of height 
between their source and the sea-level by their length, so as to give the 
declivity per mile. This mode, however, often fails to bring out the real 
resemblances and differences of rivers, even in regard to their angle of 
slope. For example, two streams rising at a height of 1000 feet, and 
flowing 100 miles’ to the sea, would each have an average slope of 10 feet 
per mile ; yet they might be wholly unlike each other, one making its 
descent almost entirely in the first or mountain part of its course, and 
lazily winding for most of its way through a vast low plain ; the other 
toiling through the mountiuns, then keeping among hills and table-lands, 
so as to form on the whole a tolerably equiible and rapid flow. The great 
rivers of the globe have probably a less average .slope than 2 feet per mile, 
or 1 in 2640. The Missouri, which has a do.scent of 28 inches per mile, 
is a tumultuous rapid current e.ven down as far as Kansas City. The 
average slope of the channel of the Thames is 21 inches per mile ; of the 
Shannon about 11 inches per mile, but between Killaloe and Limerick 
about 6J feet per mile; of the Nile, below Cairo, 3 25 to 5 5 inches per 
mile ; of the Doubs and RhOne, from He.san^on to the Mediterranean, 
24i8 inches per mile; of the Volga from. its source to its mouth, a little 
more than 3 inches per mile. Higher angles of descent arc those of 
torrents, as the Arve, with a slope of 1 in 616 at Chamounix, and the 
Durance, whoso angle varies from 1 in 467 to 1 in 208. The Colorado 
rivet rushes through its canons with an average declivity of 7 ‘7 2 feet per 
mile, or 1 in 683. The slope of a navigable river ought hardly to exceed 
10 inches per mile, or 1 in 6336.* 

But not only does the rate of flow of a river vary at different parts of 
4s course, it is not the same in every part of the cross-section of the river 
taken at any given point. A river channel (Fig. 115) supports a succes- 
sion of layers of water (a, h, c, d), moving with different velocities, the 
greatest movement being at the centre (rf), and the least in the layer which 
lies directly on the channel. At the same vertical depth, therefore, the 
velocity is greater in proportion as the point approaches the centre of the 
stream. The water next the sides and bottom (a a), being retarded by 
friction against the channel, moves less rapidly than the layers (bb, cc) 
towards the centre (d). The central piers of a bridge have consequently 
* D. SUTensoQ, *Cuial »nd River Engineerittg,’ p. 224. * 
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a greater velocity of river-current to bear than those at the banks. The 
motion of the surface-water, however, is retarded, on the other hand, by 
upward curreihts, generated chiefly by irregularities of the bottom.’ It 
follows that whatever tends to diminish the friction of the moving current 
will increase its rate of flow. The same body of water, other con<litionB 
being equal, will move faster through a narrow gorge with steep smooth 
walls than over a broad, rough, rocky bed. For the siime reason, when 
two streams join, their united current, having in many cases a channtd 
not much larger than that of one of the single streams, flows Caster, 
because the water encounters now the fiction of only one channel. The 
average ratefof flow is much less than „ i, , ,/ , i, ,r 

might be supposed, even in what are 
termed swift rivers, A moderate 
current is about IJ mile in the 
hour; even that of a torrent doe.s 
not exceed 18 or 20 miles in the hour, 

Mr. 1). Stevenson .states that the 
velocity of such rivers as the 'Fhames, the Tay or the rlydo may bo 
found to vary from about one mile per hour as a minimum to about throe 
miles per hour as a maximum velocity.- 

Tt may bo remarked, in concluding this jwirt of the subject, that 
elevations and depressions of land must have a powtuful influence upon 
the slopes of rivers. The upraising of the axis of a country, by inensising 
the slope, augments the rate of flow, which, on the contrary, is diminished 
by a depression of the axi.s or by an elevation of the maritime region.s. 

4. Geological Action.—Like all other forms of moving water, streams 
have both a chemical and me.chanmil aetion. The latter receives most atten- 
tion, as it undoubtedly is the more important ; but the former ought not 
to be omitted in any survey of the general wa^te of the eaitli’s surface. 

i. Chemical, — The water of rivers must im.sse.ss the powers of a 
chemical solvent, like rain and springs, though its actual work in this 
respect cim be less easily measured, seeing that river water is directly 
derived from rain and springs, and necessarily eontains in solution 
mineral substances supplied to it by them. Nevertheless, that streama 
dissolve chemically the rocks of their channels cun be strikingly seen 
in limestone di.stricts, where the lower |)ortions of the ravines may l>e 
found enlarged into wide cavities or pierced with tunnels and arehes, 
presenting in thgir smooth surfaces a great contnist to the angular, jointed 
Lees of the same rock where exposed to the influence only of the weather.* 

Daubioe ondeavoiircd to iilustiato ilia (hfniiful a< tioii of rneis ujKoi tla-ir t mi imported 
pebbles by exposing angular fragments of frlspar to prolonged friction in revolving 
cylinders of sandstone ooiit.iining distilleii wafrr. He fount! that they underwent con- 
siderable deoomjioRition, as was shown by the jirewiice of siln'ate of potash, ii-ndcring the 

^ J. Thomson, Proc. Riyy. St>c. xxviii. (1878 », |. 114. Comp. < ‘olligntui, 'Court 
d’HydrauUqiie.’ p. 801. 

* ‘ Reclamation of Laini,' p. 18. 

* For an illustration of this action by the Rh6nc lu the marine inolaioMs kw K f'uvier, 
Bvii. Soc. OM, France, 3me aer. viii. p. 164. 
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water aUcaline. Three kilogrammes of felspar fragments made to devolve in an iron 
cylinder for a period of 192 hours, which was equal to a journey of 460 kilometres (287 
miles), yielded 2720 kilogrammes of mud, while the five litres of water in which they 
were kept moving contained 12*60 grammes of potash, or 2*52 grammes per litre.' 

The mineral matter held in solution in river-water is, doubtless, partly 
derived from the mechanical trituration of rocks and detritus; for 
Daubr^e’s experiments show that minerals which resist the action of acid 
may be slowly decomposed by mere mechanical trituration, sucli as takes 
place along the bed of a river. But in sluggish streams the main supply 
of mineral solution is doubtless furnished by springs. 

The proportion of mineral matter in river-water varies with the 
season, even for the same stream. It reaches its maximum when the 
water is mainly derived from springs, as in very dry weather and during 
frost; it attains its minimum in rainy seasons and after rain.'*^ Its 
amount and composition depend upon the nature of the rocks forming 
the drainage-basin. Where these are on the whole impervious, the water 
runs off with comparatively slight abstraction of mineral ingredients ; but 
whore they are permeable, the water, in sinking through them and rising 
again in springs, dissolves their substance and can'ies it into the rivers. 

The composition of the river-waters of Western Europe is well sliown by numerous 
analyses. ' The substances lieUl in solution include variable proportions of the atmo- 
spheric gases, carbouate.s of lime, magnesia, soda, iron'' and ammonia ; silica ; iieroxides 
of iron and manganese ; alumina ; sulphates of lime, magnc.sin, potash and soda ; 
chlorides of sodium, potas-sium, calcium and magnesium ; silicate of jKitash ; nitrates ; 
phosphoric acid ; and organic matter. The minimum jiroportion of mineral matter 
among the analy.scs collected by Hiscliof was 2*61 in 100,000 parts of water in the Moll, 
near Heiligenblut— a mountain stream 3800 feet above the sea, llowing from tlie 
Pastorzon glacier over crystalline .schists. On the other hand, as much as 64*5 parts in 
the 100,000 were obtained in the waters of the Heuvronno, a tributary of the Loire 
above Tours. The average of the whole of theae analyses is about 21 parts of mineral 
matter in 100,000 of water, whereof carbonate of lime usually forms the half, its mean 
quantity being 11 *34.’ Bischof calculated that, assuming the mean quantity of carbonate 
of lime in the Rhine to be 9*46 in 100,000 of water, which is the proportion ascertained 
at Bonn, enough of this substance is carried into the sea by this river for the annual 
formation of three hundred and thirty-two thousand millions of oyster-shells of the 
usual «ize. The mineral next in abundance is sulphate of lime, which in some rivers 
constilutes nearly half of the dissolved mineral, matter. Less in amount are sodium 
chloride,* magnesium carbonate and sulphate, and silica. Of the last-named, a per- 
centage amounting to 4*88 parts in 100,000 of water has been found in the Rhine, near 


' ‘O^ologie exi>^rimentale,' p. 271 ; Fayol, BxM. Soc. O(oi, France^ 3me s^r. xvi. p. 996. 
Sets' jMsfeo, p. 496. 

* Both, ‘Chem. Geol’ i. p. 464. 

* Bischof, ‘Chem. Geol.’ i. chap. v. Of the analyses, chiefly of European rivers, 
published by Both, the mean of thirty-eight gives a proportion of 19*983 in 100,000 parts 
)f water. Op. cU. p. 466. Compare I. C. Bussell, BhIJ. U. S. Otoi. Surv. 1889 ; A. 
Mebeoque on the composition of the Dranse and Bh6ne,,C'mnpf. rend, 1894, p. 36; J. 
lanamann, '* Diechemische Beschaflfenheit der fliessenden Oewtuser Bohmens,” Arthiv Fat. 
LandssditreJ^. Bdhmen, 1894. 

* On the variations of the chlorine in the Nile ami Thames, see J. A. Wanklyn, Chem. 
V'ewe^.xwU. (1876), pp. 207, 219. 
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Straaburg.^ The largest amount of alumina was 0’7l in the Loire, near Orleans. The 
proportion of mineral matter in the Thames, near London, amounts to about 33 }«rt8 in 
100,000 of water.® 

It requires some reflection properly to appreciate the amount of solid mineral matter 
which is every .year carried in solution from the rocks of the land and diffused by rivers 
into the sea. Accurate measurements of the amount of material so transported are still 
much required. The Thames carries past Kingston 19 grains of mineral salts in every 
gallon, or 1502 tons every twenty-four hours, or 648,230 tons every year. Of this 
quantity about two-thirds consist of carbonate of lime, tlie rest being chiefly sulphate 
of lime, with minor proportions of the other ordinary salts of river-water. Prestwich 
estimated that the quantity of carbonate of lime removed from the limestone areas of the 
Thames basii^ amounts to 140 tons annually from every square mile. This quantity, 
a.ssumiug a ton of chalk to measure 15 cubic feet, is equal to a loss of ^ ||(y of an inch from 
each square mile in a century, or one foot in 13,200 years.^ According to monthly 
observations and estimates made in the year 1866 at Lobositz, near the exit of the Kllxi 
from its Bohemian basin, this river may be regarded a,s cairying cvciy year out of 
Bohemia from an area of 880 German square miles, or, in round nuinU-is, 20,000 Knglish 
square miles, 6,000,000,000 cubic metres of water, containing 622,680,000 kilogrammes 
of dissolved and 647,140,000 of suspended matter, or a total of 1169 millions of kilo- 
grammes. Of this total, 978 millions of kilogrammes consist of ti.ved and 192 millions 
of volatile (chiefly organic) matter. The projiortioiia of some of the ingredients most 
irapoitant in agriculture wore estimated as follows: linic, 140,380,000 kilogrammes; 
magnesia, 28,130,000; potash, 54,520,000; soda, .39,600,000; chloride of sodium, 
2.5,320,000; sulphuric acid, 45,690.000; jdiosphoric nci<l, 1,500,000.* The Nile in 
1874 was ascertained to contain a proportion of dis-solvod mineral matter which varied 
from 13*614 to 20*471 in every 100,000 parts of water, thu.s carrying down 41 times 
more matter in solution in flood than wlen the river is low.* 

Mr. T. Mellard Reado has estimated that a lotil of 8,370,6.30 tons of solids in 
solution is every year removed by running water from the rocks of England and Wales, 
which is equivalent to a general loweiing of the surface of the country, from that cause 
alone, at a rate of *0077 of a foot in a century, or om* foot in 12,978 years. The same 
writer computes the annual discharge of solids in solution by the Khine to lie equal to 
92*3 tons ])er square mile, that of the Rhdnc at Avignon 232 tons, that of the Daimho 
72*7 tons, and that of the Mi.ssissippi 1*20 tons. He supiKises that on an average over 
the whole world there may be every year dissolved by ram about 106 tons of rocky 
matter per English square mile of surface.* 

If the average proportion of mineral mutter in Holution in river-water 
be taken as only 2 parts in every 10,000 by weight, then it is obvious 
that in every 5000 years the rivers of the globe must carry to the sea 
their own weight of dissolved rock. 

* Of the total solid matter dissolved in the water of the river Gru^uay on much as about 

46 per cent consists of soluble silica, chiefly as h)drated silicic acid Hence the “ petrifying " 
property of the water. J. Kyle, Chem. Nem, xxxviii. (1878), p. 28. • 

* Bischof, op. et loc. cit. ; Roth, op. cit. i. p. 454. For composition of British river- 
water, see Rivert PoUutum CommiMwn Rfpitrly cited on p. 449. 

“ Q. J. G. S. xxviii. p. Ixvii. 

* Breitenlohner, Verhand. Oed. Reichjnnst., Vienna, 1876, p. 172. Taking the 
978,000,000 kilogrammes to be mineral matter in solution and suspension, this is equal to 
an annual loes of about 48 tons per English square mile. But it includes all the materials 
discharged by the drainage of an abundant population. 

* T. Mellard Reade, Tran$. Liverpool Ged. Sor. 1882, 

* Addresses, lAverpod Ged, iioc. 1876 and 1884. 
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ii. Mechanical. — The mechanical work of rivers is threefold: (1) 
to transport mud, sand, gravel or blocks of stone from higher to lower 
levels ; (2) to use these loose materials in eroding their channels ; and (3) 
to deposit the sediment whore possible, and thus to make new geological 
formations.^ 

1. Transporting Pown } — One of the distinctions of river-water, as 
comimred with that of sj)ring8, is that as a rule it is loss transparent — in 
other words, contains more or less mineral matter in suspension.* A 
sudden heavy shower, or a season of wet weather, suffices to render turbid 
a river which was previously clear. The mud is washed into the main 
streams by rain and brooks, but is partly produced by the abriteion of the 
water-channels through the ’operations of the streams themselves. The 
channels of the mountain-tributaries of a river are choked with large frag- 
ments of rock disengaged from cliffs and crags on either side. Traced 
downwards, the blocks become gradually smaller and more rounded. 
They are ground against each other and upon the rocky sides and bottom 
of the channel, becoming more and more reduced as they descend, and at 
the same time abrading the rocks over or against which they are driven. 
Of the detritus thus produced, the finer portions are carried in suspension, 
and impart the characteristic turbidity to rivers ; the coarser sand and 
gravel are driven along the river-bottom.^ 

The presence of a moving stratum of coarse detritus on the bed of a 
brook or river may bo detected in transit, for, though invisible beneath 
the overlying discoloured water, the stones of which it is composed may 
be heard knocking again.st each other as the current sweeps them onward. 
Above Bonn, and again a little below the Lurelei Kock, while drifting 
down the Rhine, the observer, by laying his ear close to the bottom of 
the open boat, may hear the h.arsh grating of the gravel-stones over each 
other, as the current puslics them onwards along the bottom. On the 
Moselle also, between Cochem and Coblentz, the same fact may be noticed. 

' On the ixjhaviour (»f rixers, coiusiilt Dnuflse, ‘ ittndcs relative* aux Inondatioiis,’ Paria, 
1872. 

Sec IjOkui, Nature^ i. |>p, 629, 6.')4 ; ii. j». 72. 

^ The brown colour of nver or esttwry water i.s not .always due to mud. In the South- 
ampton Water it is caused in .summer hv the presence of protozoa {Pt-rniiniuiti fuscum). 
A. Angell, Jln(. Asxitc. 1882, Sects, p. 589. 

These op»Talioi)s of running water maybe studksl with great advantage on a mnall 
scale, where brooks descend from high grounds into valleys rivers or lakes. A single flood 
suttices for the transport of thousands of tons of stones, gravel, sand and mud, even by a 
sJhall streamlet. At Lybster, lor example, on the coast of Caithness, as the author was 
informed by Mr, Thnma.s Steveiwon, C.E., a small streamlet larries down annually into a 
harbour which has there been made, Mween 400 aud 500 cubic yards of. gravel and saml. 
A weir or dam has lieen constructed to protect tlie harbour from the inroad of the coarser 
sediment, and this is cleaned out regularly every summer. But by far the greater portion of 
the fine silt is no doubt swept out into the North Sea. The erection of the artificial barrier, 
by arresting the seaward course of the gravel, reveals to us wihat must be the normal state of 
this stream and of similar streams descending from maiitime hills. The area drained by the 
stream is about four square miles ; consequently the amount of loss of surface, which is 
represented by the coarse gravel and sand alone, is triTS ^ annum. 
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The transporting capacity of a stream depends (a) on the volume and 
velocity of the current, (b) on the size, shafwj, and specific gravity of the 
sediment, and (c) partly on the chemical comjwsition of the watiT. («) 
According to the calculations of Hopkins,^ the capacity of transport 
increases as the sixth power of the velocity of the current ; thus the 
motive power of the current is increased 64 times by the doubling of the 
velocity, 729 times by trebling, and 4096 times by <|uadrupling it If a 
stream which, in its ordinary state, can just move pebbles weighing an 
ounce, has its velocity doubled by a flood, it can then sweep forwanl 
stones weighing 4 lb. Mr. David Stevenson - gives the subjoined table 
of the powfir of transport of different velocities of river currents ; — 

In. per Mile per 

Second. Hnur. 

3 - 0170 will just begin to work on fine clay. 

6 = 0 340 will lift fine sainl. 

8 = 0‘4r)45 will lift sand as coarse as linseeil. 

12 0 6819 will sweep along fine gravel. 

24 - 13638 will roll along rounded jiebbles 1 inch in diameter. 

36 = 2 045 will sweep along slippeiy angular stones of the sire of ail egg. 

It is not the surface velocity, nor even the mean velocity, of a river which 
can be taken as the measure of its jmwer of transport, but th(‘ bottom 
velocity — that is, the rate at which the stream ovi'rcomes the friction of 
its channel. (/>) The average specific gravity of (he stone.s in a river 
ranges between two and three times that of pure fresh water ; Inniec these 
stones when borne along by the river lose from a half to a third of their 
weight in air. Huge blocks wdiioli could not lie moved )>y the same 
amount of energy applied to them on dry groumi, are swept along when 
they have found their way into a strong rner-cnrrent. The shape of the 
fragments greatly affects their portability, when they ar<‘ too largo and 
heavy to be carried in mechanical suspension. KouikIciI stones arc (if 
course most easily transported : flat and angular ones are moved witli 
comparative difficulty (sec p. 496). (c) Pure wat(*r will retain tine mud 

in suspension for a long time ; but the introduction of mineral niatU'.r in 
solution diminishes its capacity to do so, probably by le.ssening the inolo* 
cular cohesion of the lirpiid. Thus the mingling of salt with fresh water 
c^iuses a rapid precipitation of tlic suspended mud (p. bll). 1 robably 
each variety of river-water has its own cajiacity for retaining mineral 
matter in suspension, so that the mere mingling of these varieties may be 
one cause of the precipitation of sediment.'* In some exjieriments made 

* 

^ Q. Ofol. Soc. viii. p. x-wii. 

2 ‘Canal and River Kngine<?ring,’ p. 315. also Tlioulet, Aim ifm Mmr\ 1884, 
p. 507. 

» T. Sterry Hunt, Prw. Bfuttm Nat. Hmt. S»r. 1874 ; W. Ilurhatn, CA/'/x. Neirs, xxx. 
(1874), p. 57; xxxvii. (1878), p. 47; W. Raiiiftay, (jvurt. Joum. OW .W. xxxii. (1876), 
p. 129 ; C. Barua, Bull. U. S. Oeol. Surr. No. 36 (1886), No. 60 (1890), p. 139 ; ITioiiIet. 
Ann. <U» Mtrus, xix. (1891), p. 5. In thia last raeniom M. Thoulet conehides as the result of 
his experiments that the precipitation of clays takes place in fresh water winch has had an 
addition of 10 per cent of sea water (and conaequently of dennity equal to 1 *002) exactly as 
In puw aea-water, and that this oljsenration furnishes a measure for detenmiiiug the true 
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by Mr. L. F. Vernon-Harcourt it was found that silt from the Dnieper 
took 20 minutes to subside one foot in distilled water, 13 minutes in 
water from the Thames, 12 minutes in water from the sea, and only 4 
minutes in a saturated solution of sea-salt. Silt from the Nile treated in 
the same way sank at the rates of 3 days, 20 minutes, 13 minutes and 
10 minutes respectively ; while in the case of silt from the Mississippi the 
rates were 57 minutes, 36 minutes, 30 minutes and 9 minutes.^ 

Besides inorganic sediment, rivers may contain a large amount of 
organic matter. The most obvious examples of this part of their contents 
are furnished by the enormous vegetable accumulations on some of the 
larger rivers. The “sudd ” of the White Nile is a thick raass^of growing 
vegetation, which overspreads and conceals the river and has been a great 
impediment to navigation, though a track has now been cut through it.* 
The rafts of the Mississippi, Amazon, Orinoco, Congo and Ganges are 
other familiar illustrations. Even where the raft begins by the accumula- 
tion of drift-wood, when embayed or arrested in midstream, it is soon 
covered with living vegeUition, and these floating islands may remain for 
many years, rising and sinking with the water that supports them. The 
Atchafalaya has been so obstructed by drift-wood as to be fordable like 
dry land, and the Red Kiver for more than a hundred miles flows under 
a matted cover of dead and living vegcUtion. From time to time these 
floating islands break loo.so from tlieir moorings and are borne down by 
the current. They are sometimes seen fifty or a hundred miles out at 
sea away from the mouth of the Ganges. By this means of transport 
the plants and animals of the land may be carried to distant shores, or 
their remains may be dispersed over the .sea-floor.^ 

But besides these larger forms of life, minute organisms sometimes 
constitute a considemble proportion of the so-ailled “solid impurity” of 
river-water. The mud of the Ganges, for insta?ice, is estimated to contain 
from 12 to 25 per cent of infusoria, and that of the Nile 4*6 to 10 
per cent."* 

Beyond their ordinary powers of transport, rivers gain at times con- 

limits of the ocean ami the continents. See also L. F. Vcrnon-IIarcourt, “Experimental 
Investigntiou.s on the action of Sen-water in accelerating the deposit of River-silt and the 
formation of Deltas,” Min. Pm\ Inst. Oiv, Engin. cxlii. (1900), part iv. This subject is 
now undergoing investigation by Professor Joly, “The Inner Mechanism of Sedimentation, — 
Preliminary Note,” Nri. Pioc. Roy. Puhlin Soc. ix. (1900), p. 325. See poatea, p. 611. 

^ Op. cit. p. 10. This oliserver experimented also with solutions of various strengths 
of some of the prevalent salts of the water of rivers and the sea, and found that sulphates 
o^calcium and magnesium, and the chlorides of potassium and magnesium, surpass sottiura- 
chloride in their influence in the precipitation of fine mechanical lediment. 

« “The Sudd of the While Nile,” Oeog. Joum. xv. (1900), p. 234. 

Lyell, ‘Principles,’ vol. ii. p. 361. 

* Ehreuberg long ago remarked that the calcareous polytbalamia carried into the sea by 
the Tiber were ?naHne forms {Bftic/U Akad. Berlin^ 1856) ; and more recently Professor 
Soilas has shown that in the chalk districts of England there is a perceptible transport of 
undissolved coccoliths, foraminifers and other Cretaceous organisms carried in suspension 
in the streams. Oral, Mag. 1900, p. 248. On the inundations of the Tiber, E. Clerici, Boll. 
Soc. Qe(4. Hal. xx. (1901), p. 131. 
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siderable additional force from several causes. Those liable to sudden 
and heavy falls of rain, or to a rapid augmentation of their volume by 
the quick melting of snow, acquire by flooding an enormous increase of 
transporting and excavating power. More work may thus be done by a 
stream in a day than could be accomplished by it during months of its 
ordinary condition.^ Another cause of sudden incr«ise in the efficacy of 
river-action is provided when, from landslips formed by earthquakes, by 
the undermining influence of springs, or otherwise, a stream is temporarily 
dammed back, and the barrier subsequently gives way. The biii-sting out 
of the arrested w'aters produces great destruction in the valley. Blocks 
as big as hyuses may be set in motion, and carried dowm for considerable 
distances. Again, the transporting pow'cr of rivers may bt? greatly 
augmented by frost (see posted, p. 5.32). Ice forming along the banks or 
on the bottom encloses gravel, sand, and e\en blocks of rock, which, 
when thaw comes, are lifted up and earned down the stream. In the 
rivers of Northern Kussia and Siberia, wdiich, flowing from south to north, 
have the ice thawed in their higher courses before it l»reaks up farther 
down, much disaster is sometimes caused by the piling up of the ice, and 
then by the bursting of the impeded ri\er through the temporary ice- 
barrier. In another way, ice .sometimes vastly increases the destructive 
power of small streams, where avalanches (p. .'>34) or an advancing glacier 
cross a valley and pond back it« drainage. I’he valley of the Dranse, in 
Switzerland, has several limes Huflrered from this cause. In 1818, the 
glacier-barrier extended across the ^ alley for more than half a mile, with 
a breadth of (ICO and a height of 400 feet. The waters above the ice- 
dam accumulated into a lake containing 800,000,000 cubic feet. By a 
tunnel driven through the ice, about two-fifths of the water were drawn 
off, when the dam, weakened by the enlargement of the tunnel, Imrst, 
carrying havoc into the low'cr part of the \ alley and the plain of the 
Rhone near Martigny. Fifty lives were lost, ami 500 houses and chalets 
with several bridges were destroyed.*^ 

The amount of sediment borne downwards by a river is not necessarily 
determined by the carrying power of the current. The swiftest streams 
are not always the muddiest. The projiortion of sediment is partly 
dependent upon the hardness or softness of the rocks of the channel, the 
number of tributaries, the nature and slo|)c of the ground forming the 
drainage-basin, the amount and distribution of the rainfall, the size of 
the glaciers (where such exist) at the sources of the river, the chemi(^l 
composition of the water, and prolmbly other causes. A rainfall spread 
with some uniformity throughout the year may not sensibly darken tl^e 
rivers with mud, but the same amount of fall crowded inU> a few days 
or weeks may be the means of sweeping a vast amount of earth into the 

^ The extent to which heavy mine can alter the usual character* of rivers Li forcibly 
exemplifled in Sir T. Dick Uuder’s ‘The Morayshire Flocsis.’ In the year 1829 tlie rivers 
of that region rose 10, 18, and in one case even 60 feet above their couinion summer level, 
producing almost incredible havoc. See also G. A. Kocb, “Ueber MnrbrUche in Tyrol," 
JaAri. Oeol. Reiehaantt. xxv. (1876), p. 97. 

‘ Bonney’s ‘Alpine Regions/ p. 136. 



rivers, and sending them down in a greatly discoloured state to the sea 
Thus the rivers of India, swollen during the rainy season (sometimes by 
a rainfall of 25 inches in 40 hours, as at the time of the destructive 
landslip at Naini Tal in September 1880, at other times by an even 
heavier downpour), become rolling currents of mud^ 

Tlie amount of mineral matter transported by rivers can be estimated by examining 
their waters at different periods and places, and determining their solid contents. A 
complete analysis should take into account what is chemically dissolved, what is 
mechanically suspended, and what is driven or pushed along the bottom. We have 
already dealt with the chemically dissolved ingredients. In determinations of the 
mechanically mixed constituents of river-water, it is most advantageous to obtain Ihe 
projwrtion first by weight, and then from its average specific gravity to estimate its 
bulk as an ingredient in the water. According to ex|)eriments made upon the water of 
tlio Kh6no at Lyons, in 1844, the [»roportion of earthy matter held in suspension was 
by weight iTho* Karbor in the century the results of similar experiments at Arles 
gave 70*0(5 as tlio proftortion when the river was low, during floods, and 5(5*05 in the 
mean slate of the river. The greatest recorded i|uantity is by weight, which was 
found “when the river was two-thiids up, with a mean velocity of probably about 8 
feet per second." ■* A. (Juerard, who has more recently made observations at the mouth 
of tliis river, estimates the total annual discharge of sediment to amount to 23,540,000 
cubic yards, or 55^(50 of the volume of the wator.^ Lombardini gives uJo as the 
proportion by volume of the sediment in the water of the Po. In the Vistula, 
according to SpiUoll, the propoition by volume reaches a maximum of 4*^.* The Rhine, 
according to I lartsoeker, contains ,}o by volume as it passes througli Holland, while 
at Bonn the experiments of L. Horner gave a projiortion of only by volume.** 
Stiefensaiid found that, after a sudden Hooding, the water of the Rhine at Uerdingeu 
contained jiVj weight. Bischof mea.Hured the quantity of sediment in the same 
river at Bonn during a turbid state of the water, and found the proportion to be 
iiVx weight ; while at another lime, after several weeks of coiilinuous dry weather, 
and when the water had liecoine clear and blue, he detected only yyioo.® In the 
Meuse, according to the cx{>eriiiients of Chandcllon, the maximum of sediment in 
sus^iension in the mouth of December 1849 was 71*55, the niiDimam 71^7, and the 
mean iiroov-^ Iq Ihe Elbe, at Hamburg, the proportion of mineral matter in suspension 
and solution has been found by experiment to avoiage about The Danube, at 

Vienna, yielded to" Bischof about 45*55 of suspended and dissolved matter.® The 

* III his journeys through equatorial Africa, Livingstone came upon rivers which appear 
usually to consist more of sand than of water. He describes the Zmgesi as “ a sand-rivulet 
in flood, 60 or 70 yards wide, and waist deep. Like all these sand-rivers, it is for the moat 
part dry ; but, by digging down a few feet, water is to be found which is percolatmg along 
the bed on a stratum of clay. In trying to ford it," be remarks, “I felt thousands of 
particles of coarse sand striking my legs, which gave me the idea that the amount of matter 
removed by every freshet must be very great. . . . These .sand-nvers remove vast masses 
of disintegrated rock before it is fine enough to form soil. lu moat rivers where much wear- 
ing is going on, a person diving to the bottom may hear literally thousands of stones 
knocking against each other." 

* Surell, ‘ Meinoire sur I’Amelioration des Embouchures du RhOne.’ Humphreys and 
Abbot, ‘Reiiort upon the Physics and Hydraulics of the Mississippi,' 1861, p. 147. 

» Min. Pn>c. Irut. Civ. Engin. Ixxxil. (1884-86), p. 309. 

* Ibid. p. 148. * Edin. Nm PhiL Journ, xviii. p. 102. 

* 'Chemical Geology,’ I p, 122. 

** Aitna/es dts Travaujc j/ublies de &lgiqu€, lx. p. 204. 

® Op. cti. i, p. 130. More recent observations by Sir Charles Hartley show that the 
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Daraoo6 has ordinarily a maximum of 80 grammes of sediment to one litre of water, 
or Vx hy weight. In exceptional floods it rises to 100 grammes per litw of water, 
or tV hy weight. In extreme low water the proportion may sink to about ; the 
average for nine years from 1867 to 1875 was about The (larouno is estimated 
to contain perhaps 1J5.’ In the Avon, which falls into the .Severn, the mean amount 
of suspended mud is estimateti at The obseivatums of Mi Everest upon the 

water of the Ganges show that, during the four month') of tiiuMl in tliat iivei. the 
projwrtion of earthy matter is hy weight, or hy vtilume ; ami that the mean 
average for the year is tIit by weight, or n'jf by volume.* Atoording to Mr. Login, 
the waters of the Irrawaildy contain ^-^0 by weiglit of sediment during floods, 
and xrVx during a low state of the river.* In the Yangtso the jiioportnui of seiliment 
hy» weight is estimated hy Mr. H. B Guppy at The amount in the water of 

the River Pltte is computed to be by weiglit." The pioportion of solid matter 
carried in suspension in the Nile was in May 187.5 estimated to amount to 4772 pails 
in every 100,000 [larts of water.'’ » 

With regard to the amount of coarser and heavier sediment pushed along the 
bottom of a river hy tlie downward cniront, it is mote dilliiult to obtain accurate 
measurements. But it must sometimes (uiistitiile a large pro|>oition o( the total 
bulk of solid material discliarged into the sea. In the case of the KhOiie, for example, 
it is concluded hy M. Guerard that the quantity ot .Naiid rolled along the lied of this 
river into the Mediterranean 111 the course of a year i.s much greater tliaii the lighter 
matter held in ausptiiibion in the water, and that “when the river, on approaching the 
sea, is no longer conflned hy embankments, the greater part of its alluvium is lolled 
along its bed." In flood time it is not uncoiniiion for whole hanks ol sand to tiavcl 
bodily down the river.* 

As already pointed out (p. 4^1), clmiiges 111 the quantity and nature of the salts lield 
in chemical solution in ii\cr-watei alfect the capacity of tlio stieam.s for the transjant 
of mineral matter in sus^m-iisioii, so that the same river may vary in this icspeet Irom 
one pait of its course to another according to the chemical com{>Ohitioii of the water of 
its tributaries. But probably these variations are on the whole trifling in amount, 
and far below the result attained when the uver water first leache.s the salt water of 
the sea. As the mean of many observations caiTie<l on continuonsly at difleieiit jMtrts of 
the Mississippi for months together, Humphreys and Ahlx>t, the engineers ehargfsl with 
the investigation, found that tlie average pro|M)rtioii of sediment contained in the water 
of this river is yjSo by weight or hy volume.*'’ But Iwsides the matter held in 
suspension, they observe I that a large amount of caai-se dctiitus is eoiistantly l>eing 
pushed along the Iwttom of the river. They eHtimale<l that this moving stiatum 
carries every year into the Gulf of Mexico akmt 750,(t00,000 cubic feet of sand, earth 
and gravel. Their observations led tliem to conclude tliat the annual diseliaige of 
water by the Mississippi is IP, 500,000,000,000 cubic feet, and consequently that the 
weight of mud annually carried into the sea by this lives must reach flic sum of 

nieaa proportion of sediment by weight in the Danuk water for ten jears from 1802 to 
1871 was or (at siwcitic gravity I P) nS, by volume. 

* G, Wilson, Min. Pr<>c. In. 1 l. Civ. Jinijin. Ii. (1877-78), p. 218. ^ 

*,Bauingarten, cited by Reclua, ‘La Terre.’ 

* T. Howard, Brit. Assoc. 1875, p. 179. 

* Joum. Asiatic Society of Calcutta, March 1812. * Boy. Strt. Kdtn. 1857. 

* yaturc, xxil p. 486. According to Hr A. Wocikoff, this estimate is much under 
the truth ; xxiiL p. 9. See also op. cU. p. 584. 

^ G. Higgin, Nature, xix. p. 556. 

* Dr. Letbeby, Snd Egyptian, Jrngalum Rtpmt. 

* Min. Proe. Inst. Civ. Engin. Ixxxii. (1884-86), p. 309. 

' Report,’ p. 148. The specific gravity of the silt of the MwsUsippi is given as 1 ‘9. 
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812,500,000,000 pounds. Taking the total annual contributions of earthy matter, 
whether in HUBjienHion or moving along the bottom, they found them to equal a prism 
268 feet in height with a base of one square mile. 

The value of these data to the geologist consists mainly in the fact that they 
furnish him with mateiials^for an approximate measurement of the rate at which the 
surface of the land is lowered by subaerial waste. This subject is discussed at p. 586. 

2. Excavating Poiver . — It was a prominent part of the teaching of 
Hutton and Playfair, that rivers have excavated the channels in which 
they flow. Experience in all parts of the world has confirmed this 
doctrine. The mechanical erosive work of running water depends for its 
rate and character uj)on (a) the friction of the detritus driven by the 
current against the sides and bottom of a watercourse, modified by (b) 
the varying declivity and the geological structure of the ground. 

(a) Driven downward by the descending water of a river, the loose 
grains and stones’ are rubbed against each other, as well as upon the 
rocky bed, until they are reduced to fine sand and mud, and the sides 
and bottom of the channel are smoothed, widened and deepened. The 
familiar effect of running water upon fragments of rock, in reducing them 
to rounded pebbles, is expressed by the common epithet “ water-worn.” 
A stream which descends from high rocky ground may be compared to a 
grinding mill ; large boulders and angular blocks of rock, disengaged by 
frosts, springs and general atmospheric waste, fall into its upper end ; 
fine sand and silt are discharged into the sea. 

In tho scrios of cxjjerimonts already referred to ([», 487), Professor Daubree made frag- 
ments of granite and (piartz to .slide over each other in a hollow cylinder partially filled 
with water, and rotating on ita axis with a mean velocity of 0'80 to 1 metre in a second. 
Ho found that after tho first 25 kilometres (about 15^ English miles) the angular frag- 
ments of granite had lost of their weight, while in the same distance fiagments 
already well rounded had not lost more than to The fragments rounded by 
this journey of 25 kilometres in a cylinder could not he distinguished either in form or 
in general asjwot from the natural detritus of a river-bed. A second product of these 
pxiieriments was an extremely fine im|)ali«ble mud, which remained suspended in the 
water several days after the cessation of the movement. During the production of this 
fine sediment, tho water, even though cold, was found in a day or two to have acted 
chemically upon the granite fragments. After a journey of 160 kilometres, 3 kilo- 
grammes (about 64 lb avoirdupois) yielded 3'3 grammes (about 50 grains) of soluble 
salts, consisting chiefly of silicate of potash. A third product was an extremely fine 
angular sand consisting almost wholly of quartz, with scarcely any felspar, nearly 
the whole of the latter mineral having jiassod into the .state of clay. The sand-grains, as 
they are continually pu8he<l onward over each other upon the bottom of a river, become 
rounded as the larger pebbles do. But a limit is placed to this attrition by the size and 
specific gravity of the grains.* As a rule, the smaller particles suffer proportionately 
less loss than the larger, since the friction on the bottom varies directly as the Weight 
and therefore as the cube of the diameter, while the surface exposed to attrition varies 
as the square of tho diameter. Mr. Sorby, in calling attention to this relation, remarks 
that a grain <*** k* diameter would be worn ten times as much as one of 
an inch in diameter, and a pebble 1 inch in diameter would be worn relatively more by 
being drifted a few hundred yards than a sand-grain of an inch in diameter would 
1)6 by being drifted for a hundred miles.* So long as the particles are borne along in 


'G^logie exp4rimentale,’ p, 25Q d atq. 


■ Q. J. O. S. xxxvl. p. 59. 
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suspeusion, they will uot abrade each other, but remain angulai'. h>ofe>uior Datibtw found 
that the milky tint of the Rhine at Strasbni'g in the months of July and August was 
due, not to mud, but to a fine angular aand (with grains about millimeira iii^ 
diameter) which constitutes of the total weight of water Vet this sand hail 

travelled in a rapidly flowing, tumultuous river from the Swiss mountains, ami bad l>een 
tossed over waterfalls and rapids in its journey. He ascertained also that .sand grains 
with a mean diameter of -jV mm. will float in feebly agitated water ; m that all sand of 
finer grain must remain angulai. The same observer noticed th.it sand cotn])08ed{of 
grains with a mean diameter of J mm., and earned along hy uatei moving at a rate of 
1 metre |)er second, is rounded, and lo.ses al><>ut "f d* weight in eiciy kihmietre 
travelled.' 



tin lie,— Rocky Hncr ( lianiifl «illt oltl IM 


The effects of abrasion upon the loose materials on a rivei’ bed are 
but a minor {)art of the erosite work [lei formed by the stream. A layer 
of debris, only the upper portion of which is pushed onward by the 
normal current, will protect the solid roi k of the river-channel which tt 
covers, but it is apt to be swept away from time to time by violent flootls. 
Sand, gravel and boulders, in those jiarU of a river-channel where the 
current is strong enough to keep them mo\ing along, rub down the rooky 
bottom over which they are dri\cn. As the shape and declivity of the 
channel vary constantly from point to jioint, w'lth, at the same time, 
frequent changes in the nature of the rocks, this erosive action is liable 
to continual modifications. It advance.'* most briskly in the numerous 

* ‘fl.'ologU' exiwrimeiil.'tle,' pp. ‘Jl'S, 2.'i8. 
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hollows and grooves along which chiefly these loose materials travel. 
Wherever an eddy occurs in which gravel is kept in gyration, erosion is 
much increased. The stones, in their movement, excavate a hole in the 
channel, while, as they themselves are reduced to sand and mud, or are 
swept out by the force of the current, their places are taken by fresh 
stones brought down by the stream (Fig. IIG). Such pot-hole.% as they 
are termed, vary in size from mere cup-like depressions to huge caldrons 
or pools. As they often coalesce, by the giving way of the intervening 
walls between two or more of them, they materially increase the deepen- 
ing of the river-bed. 

Tliat a rivfir erodes its channel by4nean8 of its transported sediment and not by the 
mere friction of the water, is sonietmies admirably illustrated in the course of stieanis 
filtered by one or more lakes. As the Rhone escapes from the Lake of Geneva, it sweeps 
with a swift clear current over ledges of rock that have not yet been very deeply eroded. 
The Niagara supplies a still nioie impressive exampile. Issuing from Lake Krie, and 
flowing through a level countiy for a few miles, it approaches its falls by a series of 
rapids. The water leaves the lake with hardly any ap[tieciahlp sediment, and has too 
brief a journey in which to gather it, befoie beginning to rush down the rocky channel 
towards the cataract The sight of the vast body ol clear water, leaping and shooting 
over the sheets of limestone in the rapid.s, is in some lespects quite as sinking a scene 
as the great falls. To a geologist it is specially instinctive; for he can observe that, 
notwithstanding the tremendous rush of water which has been lolling over them for so 
many centuries, those rocks have been comparatively little abraded. The smoothed 
and striated surface left by the ice sheet of the Glacial period can he traced upon them 
almost to tho water’s edge, and the flat ledges at tlie ra|)ids .are merely a piolongation 
of the ioe worn sin face which jtasses under tho hanks ol <lnft on eitliei side The river 
has hardly eroded more than a mere .suporlieial .skin of rock here since it began to flow 
over the glaciated limestone. * 

Similar evidence is ollbieil by tho St. l.A\vience, This majestic liver leaves I.aike 
Ontario as [lure ns the wateis of tho lake itself. The ice-w'oin hummocks of gneiss at 
the Thousand Island.s still retain their characteristic smootlied and ]x)lished surface 
down to and beneath the surface of the current. In descending tho iner, 1 was 
astonished to obseivo that the famous rapids of the St. Lawiencc aie actually hemmed 
in by islets and steep banks of hotildei-clny, and not of solid rook. So little obvious 
erosion does the eurront perform, even in its tumultuous billowy descent, that a raw 
scar of clay betokening a recent slip is hardly to be seen Tho banks are so grassed 
over, or even covered with tiees, as to piovo how long tlioy have remained undisturbed 
in their jireseut condition. That very considerable local destruction of these clay- 
islands, however, has been caused by floating ice will he alluded to farther on. 

Merc volume and rapidity of current, therefore, will not cause much 
erosion of tho channel of a stream unless sediment be present in the water. 
A succession of lakes, hy detaining the sediment, must necessarily en- 
feeble tho direct excjtvating jKiwcr of a river. On the other hand, by 
the disintegrating action of the atmosphere, and by the operations of 
springs and frosts, loose detritus as well as jwrtions of the river-banks 
are continually being launched into the currents, which, as they roll 
along, arc tints supplied with fresh materials for erosion. 

{h) Besides the obvious relation between the angle of slope of a 
river-bed and the scouring force of the river, a dominant influence, in the 
gradual excavation of a river-channel, is exercised hy the lithological 
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nature and geological structure of the rocks through which the streiini 
flows. This influence is manifested in the form of the channel, the. 
angle of declivity of its banks, and in the details of its eiosion. ()n .i 
small but instructive scale these 
phenomena are reveiiled in the opera- 
tions of brooks. Thus, one of the mo.st 
characteristic features of streams, 
whether large or small, is the tend- 
ency to wind in serpentine curves ni.M.k, 

when the ^ngle of declivity is low, 

and the general surface of the country ^lerably level. This pcciilianty. 
may be observed in every stream Avhieh traverses a flat alluvial plain. 

Some slight weakness in otie of its bjinks 
enables the current to cut away a portion 
of the bank at that point. By degrees 
a coiuavity is fonm*<l round which the 
upjier water swccjis with increased 
velocity, while nmler cnrrenls tend to 
carry sediment across to the opjiositc 
.side. The outer bank is accordingly worn 
away, while the inner or concave side of 
the bend is not attacked, but is (neti 
protected by a dejmit of sand or gra\el.’ 
Tlin.s, bending alternately from one side 
to the other, the stream is led to describe 
a most sinuous course across the plain. 
By this proee.s.s, however, while the course 
is greatly leiigtheneil, the velocity pro- 
portionately dimini.shes, until, before 
•putting the plain, the stream may 
become a lazy, creeping emn'iit, in 
Kngland commonly bordered with sedges 
and willows. A stream may eventually 
cut through the neck of land between 
two loojis, as at a, h, and >, in Fig. 1 17, 
ainl thus for a while shoiten its channel. 
InsUinees of this nature may freipiently 
be observed in .streams flowing through 
alluvial land. The old deserted loopif^ 
are converted, first into lakes, and )>y 
degrees into stagnant pools or Iwigs, until fintllly, by growth of vegetation 
and infilling of sediment by rain ami wind, they become dry ground. 
Although mo.st freipient in soft alluvial plains, meandering water- 

* ,J, TliomM)ii, f'iO<-. liOff. .Six'. \xv. p. 5. .\a’<)pling to mns and 

dijdnctions by Prof.- .M. .Jeffeivni, the width of thf I»elt ol ineaiKli-rs ot any gncji htn.iin is 
eighteen times tlie mean width of the stream at the jitaee, Xt’liuin'l ^inxjiuph. M(nj. \iii, 
(1902). p. 373. 

* •* .Aigties-inortes,*' or <lea<l %valers, See p, .717, 2, 
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courses may also be eroded in solid rock if the original form of the 
surface was tolerably flat. The windiiigs of the gorges of the Moselle 
(Fig. 118) and Khine through the table-land between Treves, Mainz and 
the 8iebengebirge form a notable illustration. 

Abrupt changes in the geological stmeture or lithological chaiacter of 
the rocks of a river-channel may give rise to waterfalls. In many oases, 
this feature of river-scenery has originated in lines of escarpment over 
which the water at first found its way, or in the «vme geological arrange- 
ment of hard and soft rocks by which the escarpments themselves have 
been produced. The occurrence of horizontal, tolerably compact strata, 
traversed by marked lines of jqfnt, and resting upon softer l)6d.s, presents 
a structure well adapte<l for showing the part pla^xd waterfalls in 
river-erosion. The waterfall acts with special potency against the softer 
underlying materials at its base. These are hollowed out, and, as the 
foundations of the superincumbent more .solid rocks are de.stroycd, slices 
of the latter from time to time fall ott‘ into the boiling whirlpool, where 
they are reduced to fragments and carried down the stream. Thus the 
waterfall cuts its way backward up the .stream, and as it advances it 
prolongs the e.xcavation of the ravine into which it descends. The 
student will fre(iuently oKserve, in the recession of waterfalls and coti- 
soquont erosion of ravines, the important [mrt taken by lines of joint in 
the rocks. These lines have often determined the direction of the ravine, 
and the vertical walls on either .side depend foi their prccipitousne.ss 
mainly upon these divisional planes in the rock. 

The gorge of the Nbgai a affords a niagnitiocMit and icminkably simple illustiation 
of these features of river-action. At its lower end, where it enters the \Mde plain that 
extends to Lake Ontario, there stretches away, on 
either side of the liver, a line of elilV and steep 
wooded bank, formed by the escarpment of the 
massive Niagara limestone. Back from this line 
of cliff, thiough which it is.sues into the lacu.strine 
plain, the gorge of the liver extends for about 
7 miles, with a width of from 200 to 400 yards, 
and a depfh of from 200 to 300 feet. At the 
upper end lie the world-renowned falls. The whole 
of this great ravine has umpipstionably been cut 
out by the recession of the falls. When the river 
tiret began to How’, it may have found the escarp- 
ment running across its course, and may then have 
begun the excavation of its gorge. More probably, 
however, the escarpment and waterfall began to 
arise simultaneously, and from the same geological 
structure. As the former grew in height, it receded 
from its starting-^Hiint. The river-ravine likewiae 
crept backward, but at a more rapid rate, and the i-esult has been that while at 
present the cliff, worn down by atmospheric disintegration, stands at Queenstown, 
the ravine dug by the river extends 7 miles farther inland. The waterfall will 
continue to cut its way back as long as the structure of the gorge continues as 
it is now— thick beds of limestone resting horizontally upon soft shales (Fig. 119). 
The softer strata at the base are undermined, and slice after slice is cut off from 



Fig. 1U>.. -Section at the FaJN, 

Niagitis. 

5t, Medloa .Sandstone ond Sliale, 120 feet ; 

b, Clinton Limestone and Shale, :V( feet ; 

c, Niagara Shale, (}o feet ; d, Ningim 
Limestone, f»5 feet. 
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tlie cliff over which the cataract i)Our8. The parallel walls ol this great gorge 
owe their direction and mural character to ]>arallel joints of the strata. The leaser 
or American fall (A in Fig. 120) enters by the side of the ravine and falls over its 
lateral wall. The larger or Canadian (Horse-shoe) fall (C) occupies the hea*i of the 
ravine, and owes its form to the intersection of two sets of joints. Hakewell, from 
historical notices and the testimony of old residents, inferred tlist the mtc of recession 
of the falls is three feet in a year. Lyell concluded that '‘the average of one foot a 
year would l>e a much more jirobable conjecture.” and estimated the length of time 



Ftn 120 - J’ltti) of tin- I0i\mf of NiHKHia )il iIm- Fallh 
A. Ainciicsii Fall; (', ('niiRilian Fall. W, WhirljM*©! ; (», Go.it l'•l.ln^l . 1>, Baiik of l)i m rrstinK on 
ice-wom sIh^Hh of l.nnt'Moitr 

reijiiiied fm the excavation of the whole Niagaia ravine at S.'iiUOB ycais.' A commission 
appointed to survey the falls and to ascertain the rate of leccHsion reported (181)0) that 
since 1742, when the first .'.urvey was made, the total mean recession of the Horse-shoe 
falls has been 104 feet 6 inches. The maxiniuni recession stone point is 270 feet. The 
mean recession of the Ainenean falls is 30 feet 6 inches. The length of the crest has 
mcre.ised lioni 2260 to 3010 feet by the washing away of the embankment. The total 
area of recession of the American falls is 32,900 square feet, and that of the Horse-shoe 
falls 273,400 feet. Hut the rate of waste has been ascertHined not to be uniform, there 
being intervals of slowei and more rapid retreat, during which the form of the precipice 
at the falls is continually clianging. Professor J. W. Sjsjncer, from a review of all the 
evidence that he ami others luve been able to gstlier respecting the geological structure 
of the district, has traced the .successive stages m the excavation of the ravine and the 
connection of the erosion with the history of the great glacial lakes which once over- 
spread that region. He shows the imporlsnce ol the movement of elevation which for 
a long {>eriod has lieen transforming the topography (on/r, p. 387), and which in the 
Niagara districts he takes for the pur|»oses of computation to be I.*) inches in a century. 
He consequently arrives at the estimate of a)iont 30,000 years as the age of the Niagara 
ravine. 



F)>; 121.— .Section Ui llluitnite the iowenii): of Ijike Erie l>y th- ie<*.-Hs)<Mi nf Viai'flra I’alls 

It was long ago pointed out that if the structure of the gorge continued the same 
from the falls to Lake Erie, the recession of the falls would eventually tap the lake, 

* Lyell, ‘ Travels ni North America, ' i. p. 32 ; ii. p. 93. • Principles,’ i. p. 358. ('om- 

pare Lesley’s ’Coal and its Topography’ (1856), p. 169. On recent changes at the Falls, 
see Marcon, .S?c. 6'«V. France (2), wii. p. 290 ; and also antf, p. 469. 
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tnd reduce its surface to the level of the bottom of the ravine. Successive stages in 
this retreat of the falls are shown in Fig. 121, by the letters /to «, and in the con- 
sequent lowering of the lake by the letters a, h to e. It was believed, however, that a 
slight observable inclination of the strata would carry the soft underlying shale out of 
possible reach of the full, and that in this way the lowering of the lake would l>e 
indefinitely retarded.* But the discovery of the slow uplift of the land with a generally 
southerly tilt has given a wliolly new aspect to the problem, showing that if this' 
movement should continue as at present the drainage now carried by the Niagara will 
at no very distant geological period find its way southward into the Mississippi.* 

The Falls of St. Anthony on the Mi.ssi.ssippi show, according to Winchell, a rate of 
recession varying from 3'49 to »5‘73 feet per annum, the whole recession since the 
discovery of the falls in 1680 to the present time being 906 feet.-' The upper or Rock 
Island rapids of the Mississippi consist of a succession of rock-barriers caKed “chains,” 
which, with a breadth of only a fraction of a mile, jAss across the channel, and are 
separated by pools or stretches of slack water. The lower or Des Moines rapids, about 
11 miles l(tng, aie more uniform, having a descent of nearly two feet per milc.^ 

A waterfall may occasionally be observed to have been produced by the 
e.vistence of a harder and more re.sisting band or barrier of rock crossing 
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the course of the stream, as, for instance, where the rock.s liavo been cut 
by an intrusive dyke or miwss of basalt, or where, as in the case of the 
Rhine at Scliaft'hau.sen, and possibly in that of the Niagara, the stream 
has been diverted out of its ancient course by glacial or other deposits,* 
80 as to be forced to carve out a new channel and rejoin its older one 
by a fall."’ In these and all other cases, tlie removal of the harder mass 
destroys the waterfall, which, after jwissing into a series of rapids, is 
finally lost in the general abrasion of the river-channel. 

The resemblance of a deep, narrow river-gorge to a rent opened in 
the ground by subterranean agency, has often led to a mistaken belief 
that such marked superficial features could only have arisen from actual 
violent dislocation. Even whore something is conceded to the river, 
there is a natural tendency to assume that there must have been a line 
of fault and displacement as in Fig. 122, or at least a line of crack, and 

* Lyell's ‘ Principles,’ i. p. 362, 

See the pai>er8 cited ante, p. 387, note 2, ajid nmre particularly Professor Spencer’s in 
Amer. Jouni. xlviii. (1894), p. 455. Q. /. 0. S. xxxiv. p. 899. 

* F. Leverett, Journ, Giot. rii. (1899), p. 1. The hi-story of the lower rapids is shown 
t>y this observer to belong partly to the Glacial i)eriod. He estimates that they have 
sxcavated a depth of nearly 100 feet of rock. 

“ Wurteiiberger, Neurs Jahrb, 1871, p. 682. 



WUlTt il 9 


41.1 r Ail WVAVTAO 


{>U3 


consequent weakness (Fig, 123). But the existence of an actual fracture 
is not necessary for the formation of a ravine of the first nmgnitinle. 



The gorge of the Niagara, for examplr, ha*- not f^'en detei mint'd by uny dialcMation. 
Still more impressive proof of the same fact in furnished l>\ the nio‘-t marvellous river- 
gorgeaifi the world— tliose of the Coloratio region in Noith Amnit a. The rivers thereflow 
in ravines thousands of feet deep and hunilrcds t»f inih.s hmg, thiougli \ast table lands of 
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nearly horirouUl .strata. The Grand Caftoii (ravine) of the Colorado liver'is 800 miles 
long, and in some places more than 6000 feet in depth. In many instances there are 
two cahons, the up])ef being Mveral miles wide, with vi^t lines of cliff- walls and a 
broad plain between them, in which runs the second cahon as another deep gorge with 
the river winding over its bottom. The country is hardly to be crossed except by bii'ds, 
so profoundly has it been trenched by these, numerous gorges. Yet the whole of this 
excavation has been effected by the erosive action of tlie streams themselves,^ Some 
idea of the vastness of the erosion of these plateaux may be formed from Fig. 124, the 
Frontispiece to this volume, and the illustrations in Rook I'll. 

Ill the excavation of a ravine, whether by the rec’e.s.sion of a waterfall 
or of a aeries of rapids, the action of the river is moi e effective than that 
of the atmospheric agents. The sides of the ravine conseqifently retain 
their vertical character, which, where tliey coincide with Hnes of joint, 
is further pre8er\ ed by the way in which atmo.spheric weathering acts 
along. the joints. But where, from the nature of the ground or of the 
climate, the denuding action of rain, frost and general weathering is 
more rapid than that of the rivei', a wider and o])enei- valley is hollowed 
out, through which the river flows, carrying away the materials washed 
into it from the surrounding slopes by rain and hrook.s. 



Fijs' l-’.t - .S<rli(in ■>( i<»if of a (/.' ) 


3. JlepmUii fue Poiver. — Every body of water which, wlien iji motion, 
carries along sediment, drops it when at rest. The moment a current 
has its i*api(iity checked, it is deprived of some of its carrying power, and 
begins to lose hold njion its sediment, which tends more and more to 
sink and halt on the bottom the slower the motion of tlie water. In 
Fig. 125 the river in flowing from k to h has a less angle of declivity and 
a smaller transporting power, and will therefore have a greater tendency 
to throw down sediment, than in descending the steeper gradient from h 
tor. Again, as has been pointed out {tuth-, p. 191), variations in the 
proportions of chemically dissolved substances aft'ect the precipitation of 
suspended sediment. 

In the course of every brook and ri\er, there are frequent checks to 
the current. If these are examined, they will usually he found to be 
eikCh marked by a more’ or less conspicuous deposit of sediment. We 
may notice seven difl'erent situations in which strcam-dejwsits or alluvium 
may be accumulated. 

(rt) At the foot of Mountain Slojies. — When a runnel or torrent 

’ For <lescnptloii.s ainl fij^ures of this rt'iiiavkable itgion, .m-'C Ives aii«l Newberry, 
'Explorations of the Colorado River of the West.’ 1861 ; .1. W. Powell, ‘Exploration of the 
Oolorado River of the West and its Tributarie-s,’ 1875 ; Captain Dutton, ‘Tertijiry History 
»f the Grand CaKon of the Colorado’ ; Monogntph IJ.^ V. N. fiaJngicul Sitntt/, 4to, 1882 ; 
lud posteUf Book VII. 
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descends* a deep declivity it tears down the soil and rocks, cutting a 
gash out of the side of the mountain (Fig. 126). On reaching the more 



Fi;; Tributiin toii<*iit m'U'Idik a of ilclritiiH into .< auIIi y (/.' ) 

level ground at the base of the slope, the water, abruptly checked in its 
velocity, at once drops its coarser sediment, which gathers in a fan-shapt'd 
pile or cone (“c<w dc dijertion'' : Murhruthe'' with the a|)e\ pointing 
up the water-course. Huge accumulatious of boulders and shingle may 
thus be seen at the foot of such torretits, — the water Hovving through 
them, often in several channels, which reunite in# the plain beyond. 
From the deposits of small streams, every gradation of si/,e may he traced 
up to huge fans many miles in diameter and several hundred feet thick, 



such as occur in the upper basin of the Indus - and on the Hanks of the 
J\‘ocky MounUins,-^ as well a.s other ranges in North America (Fig. 127).^ 

' 0. A. Kodi, J(>hrb. WicJiMnint. \\\. d>*7r*), 5*7, dewnlH's tin- lielmdcs of Vie 

Tyrol, tkinsiilt also the work of Siirell ami (’ezaiine on ji. -182. 

* On tlie nlhivi.t! deposits of thin region, see Drew, Q. J. O'. \ x\ix. p. 441 ; also hi> 
Jummoo and Ka^hmcre Territories,’ 1875. 

■* See Dutton’s ‘High Plateaux of Ut.ali.' Hayden's Itepnl«of fAe V. S. OOohujicfif and 
0’<(Kjmphi((d fiurtei/s th^ T<rrri(>/riff. 

* In the great inland hasin of North America, which includes the arid tracts of Oreat 
Salt Lake .and other saline waters, the depth of accumulated delritiiK must amoant in many 
place.s to iteveral thousand feet. See on this subject I. C Enssell, GcoL Mag. 1889; and 
Gilbert’s essay on lake-shores in the 5th Annval RejhtH qf Ihf U. S. timt. Suiv. 
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The level of the valleys in thie Tyrol has been sensibly raised within 
historic times by the detritus swept into them from the surrounding 
mountains. Old churches and other buildings are half-buried in the 
accumulated sediment.^ 

(h) In River-l)eds. — The deposition of albniuin on river-Ms is 
characteristically shown by the accumulation of sand or .shingle at the 
concave side of each sharp bend of a river-course. While the main upi)er 
current is making a more I’apid sweep round the opposite biiuk, under- 
currents PH.SS across to the inner side of the cur\ c and drop their freight 
of loose detritus, which, when laid Iwire in dry weather, forms the familiar 
sand-lwink or shingle-licach ((>. 199). Again, when a river, u;ell supplied 
with sediment, leaves mountainous ground where its eoiirse has been rapid, 
and enters a region of level plain, it begins to drop its burden on the 
channel, which is thereby heightened, till it mav actually rise ab(»ve the 
level of the siiirouiiding plains (Fig. 



Fi^t. 1-'' 'Sf( titjii i.t II |{i\i i-iil.iiu, slum in;; ol (liiiniifl hj <le (K.^its n| viliim iil (/.' ) 

Tlii.s ti'udoiioy is ilisplaytsl by the'Adige, Reno iumI Bu'iita, which, descending troni ■ 
the Alps well .supplied with <letntius, debouch on the plains of the l*o.- The Po it.self 
has been quoted as an iiistniiee of a li^ei continuing to luughteii its hed, while man in 
self-defence lieighteiiyts cnibankinciits. untd the suifaee of the liver becomes higher 
than the plains on either side. It has been shown by Lombaidini, however, that the 
bed of this river has undergone very little chango for centuries ; that only here and 
there does the mean height of the water lise above the level of the plains, being 
generally coiisiderahly below it, and that even in a high flood the surface of the ri\er is 
scarcely ten feet above the pavement in front of the Palace at Kerraia.® The Po and 
its tributaries have been (niefully einhaiiked, .so that much of the sediment of the 
rivers, instead of aeetunuhiliiig on the plains of I.omhaixly, as it naturally would do, is 
carried out into the Adriatic. Hence, partly, no doubt, the remarkably rapid rate of 
growth of the delta of the Po. P.iit in such oases, man needs all his skill and labour to 
keep the haiik.s secure. Kvoii with his utnio.st efforts, a river will now' and then break 
through, sweejtiug down the hariier which it has it.self made, as well as any additional 
embaiikmeiiLs constiueted by him, and carrying its flow! far and wide over the plain. 
Left to itself, the river would iiieessantly shift its course, until in turn every part of 
the plain had been again and again travei-sed. It is indeed in this way that a gieat 
alluvial plain isgraduallj levelled and heigh tciicd. The most stu|>€udous example of 
the gradual heighteiiiug of a plain by river deposits, and of the de\astation caused by 
the bursting of the artificial I>arriei’s raised to control the stream, is that of the Hoang 
Ho or Yellow Ri\cr. So frequently h.a.s this rivei changed its course acro.ss the great 

• (}, A. Koch, Jnfiib, Reichmuif-l. \.\v. (IS/o), p. 12:1. 

It is in the north of Italy that the struggle tx'tw’een man and natui'e has Wen most 
persistently waged. See Lombanlini, in Ann. tkx l\tnts~et-L'h(t imfes, 1847 ; E. Nicolis, 
“Sngll antichi corsi flcl flume Adige,” fM. <S<*r. Ital. wii. (1898), pp. 7-76 ; Beard- 
more’s ‘Tables,’ p. 172. The Wd of the Yaiig-tse-Kiang ha> l>een raised in places fai 
aboie the level of the surrounding country by embanking. E. L. O.xeiibani, Jourti. Orng. 
Soc. .\lv. (1876), p. 182. 

Between Mantua and Modena the Po is .said to have raised its bed more than 5^ 
metres since the fifteenth century. Dausse, /tufL Soc. Ofol. Fivucc, iii. (3ine sh,), p. 137. 
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eastern plain, and so apiMlling has been the consequent de\astatiQn, that it lias re- 
ceived the name of “ China’s sorrow. ” A gi'eat inundation took place in the antuinn 
of 1887, when hundreds of villages w ere submerged and inoix' than a million humai 
beings were drowned. Breaking down its frail embankment, the stream pnired through 
the breach, which was some 1200 yards whh-, and spread out o\er a wnlth of UO miles 
in a current ten to twenty feet deep in the middle. 

(c) On Kiver-ltanks and Flotvl- plains. — As is, jwrtly im[»liod in tlu; 
action described in the foregoing ptiragraph, alluvium is laid down ou 
the level tracts or flood plain over which a ritcr spreads in flofKl. It 
consists usual!}’ of fine silt, mud, earth or sjind ; though close to the 
channel, it may he pjirtly made up of coarser inateiials. When a flooded 
river overflows, the portions of water which spread out on the plains, by 
losing velocity, and eonseipiently p<oM‘r of tran.sjKut, arc compelled to 
let fall more or less of their mini and saml. If the plain?, hapjieii to he 
covered with woml, luishes, .scrub oi tall graNS, the \et:etation aet>' the 
part of* a sieve, and filters the miuhly ''atei-, which may lejoin the main 
stream’ comparatively eleai-. The Innght of the plain is tiiiis inereased 
by every flood, until, partly from thi- cause and partly, in the ease of a 
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rapid stream, from tlic erosion of the diaiimd, the plain can no longer )»e 
overspread by the ri\er. As the ehaimel is more ami more deepened, 
the river continuc.s, as before, to he liaide, from im‘<pialiti(‘s in' the 
material of its hanks, sometimes of the most trifling kind, and from the 
behaviour of water flowing in irregular eliannels, to wind from sidi’ to 
side in wide curves and loops, and cuts into its old alluvium, making 
eventually a newer plain at a lower hnel. Prolonged erosion carries the 
channel to a still lower le\el, where the stream can attack the later 
alluvial depo.sit, and form a still lowei’ arni newer oiu’ The river 
comes by this means to l»e fringed with a series of terraces (Fig. 129), 
the surface of each of which repiesents a former flood -level of the 
stream. 

In Britain, it is common to find three hiuIj tenaces, but sometime.s as many as six 
or seven or e\cn more may occur. On tin- .Seine and other lixers of the north of 
France, tliere i.s a marked terrace at a height of 12 to 17 metres nltoie the present 
water-level. In North America, the riier-terrucos exist on so grand a wale that 
geologists of that country haie named on*’ of the later |H*nodfi of geological history, 
during which those deposits were formed, the Terrarje Spocfi {Vig. 129). The modern 
alluvium of the Mississippi, from the mouth of the Ohio to the Oulf of Mexico, coveis 
an area of 19,460 miles, and has a breadth of from 25 to 76 miles and a depth of from 
25 to 40 feet. The old alluvium of the Amazon likewise forms extensive lines of cliff 
for hundreds of miles, beneath which a newer platfoim of detritus is being formed. ‘ 


* The stages of terrace-making in the rfgiine of a great river are well brought out in the 
case of the Amazon. C. B. Brown, Q. J. & xxxv. p, 763, The Mibjwt of the origin 
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A recent elaborate study of the terraces in the valleys of the Isser, Molelle, Rhine 
and Rhdne lias been made by Colonel De Lamothe.^ He believes that he can ivcognise 
in each of these valleys six platforms or terraces of deposit comprised within a height 
of 200 metres above the present streams, and at approximately the same distance from 
each other. He thinks that they are to be explained by simultaneous oscillations of 
level, which brought about alternate eiosion and tilling up of the valley bottoms. In 
the Moselle the heights of these old levels of the river are given as follows : Ist, from 
15 to 20 ‘metres; 2nd, ‘JO metres; 3rd, from 45 to .56 metres; 4tb, 100 metres; 5th, 
from 130 to 150 metres; 6th, about 200 metres. The terraces of the Rhine in the 
immediate neighbourhood of Bfile are given as occurring at the following levels above 
the present stream : Ist, traces of a teirace from 1.5 to 20 metres, passing into the next 
above; 2nd, at 31 metres; 3rd, from 56 to 60 metres; 4tl), from 99 tp 101 metres; 
5th, from 130 to 150 metres; 6th, traces of a higher level of jwrhap? from 200 to 280 
metres. It will be ob.ser\ed that the limits assigned ha\e tolerably wide limits of 



variation, and it may l»e open to (luestion how far such a geneialisatiou as that of 
Colonel De Umothc is well founded. There can be no dojjbt, liowever, that a 
succession of river-terraces is a clearly established fact for all parts of the world, in 
what direction soevei- its interpretation is to be sought. 

In considering the probable history of the river-terraces in connection 
with the evolution of the topography of a country, the first point to be 
ascertained is whether these terraces have lieen entirely cut out of older 
detrital depo.sits. If such has been the case, it is obvious that the valley 
must be of older date than even the oldest of the tei'mces. In Fig. 129, 
for instance, the successioii of river- terraces only marks a late series of 
thiviatile operations long subsequent to the excavation of the valley, and 
the filling of it up with the adrift deposits on which these terraces lie. 
The next question is the determination of the number, continuity and 
relative levels of the successive terraces in the various rivers in a Avide 
of river-terraces is ably treated b\ the kite H. Miller of the Geological Survey in Pr>c. Hoy. 
Phys. Soc. Edin, 1888, p. 263. 

‘ W. Soc. France, 4me .ser. i. U901), pp. 29/ -383 ; and an earlier i>aper by the 
same author, oj>. cit. wvii. (1899), p. 257 ; Kiliau ou the ‘ surcrcusement des vallees 
alpines,' op, cU. xxviii. (1900), p. 1004, 
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region, so as to akertain how far any satisfactory parallelism can be 
established between the terrace systems of diftercnt valleys. Fiorn this 
basis of accurate observation it will be practicable to consider whether 
there is so, close a parallelism as to make it improbable that it should be 
due merely to the independent working of the rivers themselves, and to 
indicate the co-operation of some general cause aHccting all the drainage 
of the w’hole region examined. In seeking for such a cause the observer 
will first inquire whether the sucees.sion of fluviatile changes points to 
any probable former meteorological conditions, such for instiiuce as 
oscillations of rainfall, advance or letreat of glaciers. In this search the 
detailed latftr geological history of the ground will need to bo caiefully 
worked out. Should no .sati.sfactoiy evidence be obtainable to wanant 


a reference of the terrace system to \ariations of a climatological kind, it 
will Ite proper tf» consider how far the phenomena c/in be explained by 
elevation of the land. An uplift by increasing the height and slope of 
the ground will augment the scour of the rivers ; and if the movement 
should be intermittent, with long pauses of rest and shorter intervals of 
rapid rise, the effect, s on the drainage could not fail to be marked. Each 
interval of upward movement would lead to incicased erosion of the 
ri\er-chaniiel8; and during the long stationary rests, or if a subsidence of 
the land took place, the streams might often in places reach a base level 
of erosion and be tlicre mainly occupied in spreading out alluvium. In 
applying thi.s hypothetical explanation to any region the geologist would 
require to be in possession of a detailed and accurate series of levellings, 
so as to be able to fix the precise height of each terrace in valley after 
valley, to note its variation in level between the higher and lower part.‘« 
of its course, to ascertain whether in the case of the maritime part of a 
country a connection could be traced between the succc'ssivo river- 
terraces of the interior and any 8tiand lnH‘s or raised hiariiie l>eaches 


along the coast, and generally to detertnine the axis or centre of 
ele^ation and its probable amount.' 

(d) In lAkes.— When a river entei.s a lake or inland .^ea its ennent 
is checked, and its sediment begins ^ 

to spread in fan ■ shape over the / \ 

Ixittom (c in Fig. 131). Every tribu I 

tary stream brings in its contribu J p 

tion of detritus. In this way, a series fj/ 

of shoals is pushed out into the ' 

lake (Vie 132 and p, 522). This t's I’u (6)»*nfo..na .n.-ii lake 

lake t^lg. lO- aiiu JJ, 

phenomenon may frequently w in 

structively observed from a height overlooking a small lake among 
mountains. At the mouth of each torrent or brook lies a little tongue 


of its alluvium (a true dtlta), through which the streamlet winds in one 


' This subject stUl needs much detwled study an4l tomparisou of drainage i^ystem*. 
Tliere can be httle doubt that both in Euroi>e aial in North America the rivers at a tom 
paratively recent geological period were largei than they are at jirescut. Professor Dana 
connected the river-terraces of the Eastern Statei* of North America with stages in the 
elevation of the axis of the continent. 
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or more branches, before mingling its waters with those of the lake. 
Two streams entering from opposite sides (as at c, d, Fig. 1 32) may join 
their alluvia and divide a lake into two, like the once united lakes of 
Thun and Brienz at Interlaken. Or, by the advance of the alluvial 
deposits, the lake may be finally filled up altogether, as has happened in 
innumerable cases in all mountainous countries (Fig. 133). 

The rapidity of the inlilliug is sometimes not a little lemaijtable. .Since the year 
1714, the Kander is said to have thrown into the Lake of Thun a ilelta measuring 280 < 

acres, now partly woodland, paitly meadow and marsh. The Aar, at its entrance into 
the Lake of Brienz, lias deposited a delta to 4000 feet broad, formed of detritus 
wlrfch at the mouth of the river ha.s an outwaid slope of .30', tliat gradually falls to the 
nearly level lake-floor. In twenty-seven years after its rectification the Keuss had laid 
down in the Lake of Lucerne a delta estimated to contain upwards of 1 41 million of 
cubic feet of sediment, which is equivalent to a discharge of 19,360 cubic feet in a day, 
or nearly 7,000,000 cubic feet in a yeai.’ 



Kig. 13'J -rian of a l..»k«eiilnt>(l by three streams J’n?. 13.) -Like (.is in Ki-;, 13.’) Illled up aiul 
0 , (/, i ), each ot whieh deimsits a cone of seili- eoinertml into an allinial plain by t lie three 

inent (c, t<) at its month. streams, 


In the case of a large lake, whoso lengtli is great in projtortion to the volume of the 
tributary river, the whole of the detiitus may bo deposited, so that, at the outflow, the 
river becomes ns clear as when its infant waters began their course from the spiings, 
snows and mists of tin* far mountains, Tim.s, the Ifiidne enters the Uke of Geneva 
turbid and impetuous, but es(Mpe.s at Geneva as blue translucent water. Its sediment 
is laid down on the tloor of the lake, and chiefly at the upper end_, as an important 
delta which quite rivals that of a great river in the sea. Hence, lakes act as filters or 
sieves to intercept the sediment which is travelling in the livers from the high grounds 
to the sea (p, 522).'^ 

(<') Estuarine Deposits ; Bars and Ligoou-barriers. — If we take a 
broad view of terrestrial degradation, wo must admit that the deposit of 
any sediment on the land is oidy temporary ; the inevitable destination 
of all detrital material is the floor of the sea. Where a gently flowing 
river comes within the influence of the alternate rise and fall of the 
tides, a new set of conditions is established in regard to the disposal of 
the sediment. During the flow of the tide in the Severn, for example, the 
suspended mud is caiTied up the estuary, and sometimes far up its tribu- 
taries. For two-thirds of the ebb, though the surface-water is running out 
rapidly, the bottom water is practically at rest : only during the remaining 
third of the ebb does the bottom-water flow outwards and with sufficient 

* A. Heim, Jahrb. Schweiter Alpenkiubs, 1879, 

* Consult the suggestive essay by G. K. Gilbert on the topographic features of lake- 
ahoi^ 5tii Ann. Rep. U. S. Oeol. S»ri\ 1885, p. 76. 
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velocity to scour the channel. But this lasts for so short a time that it 
hatxily removes as much mud or sand as has been laid down iluring thsHl 
and the earlier part of ebb tide. Hence the sediment is in a .state of 
continual oscillation upward and downwanl in the cstuarv. At the 
lower end, some ix>rtion of it is continually bein^ swept out to sea. At 
the upper end, fresh material of similar kind is beinij sup])lied by the 
river. But, Ijetween these two limits, the .s;imc sediment may be kept 
in .susi)en9ion or may be alternately deposited or i-emuved for many 
weeks or months before it finally escapes to sea and is spread out on the 
bottom. To this cause, doubtless, the remarkabb* turbidity of many 
e.stuaries is to be attributed.^ 

Where a river, with a considerable velocity of cuneni, enters tlie sea, 
its mouth is commonly obstructed I»y a bar of gravc^l, .saiul or imnl. 'Pile 
formation of this barrier results from the conflict between the river and 
the oceifn. The muddy fre.sh water floats on the heavier salt wati'r, its 
current is lessened, and it ean no longer pu.sh .ahmg the mass of detritus 
at the bottom, which therefore aeeumulates and tend.s lo form a bai'. 
Moreovei', as already mentioned (p. 4‘Jl), though fresh water ean for a 
long time retain fine mud in .suspension, this sediment is rapidlv 
thrown dowm when the fresh is mixed with saline watei. Hence, apart 
from the necessary loss of transj^iorting power by the ebocking of the 
current at the river-mouth, the more mingling of a river with the 
sea must of itself he a cause of the deposit of .sediment. Moreover, 
in many cases the sea itself jiiles u]) great part <if tin* sand and gravel 
of the bar. Heavy river-floods jmsli th(‘ b;ir farther to sea, or even 
temporarily destroy it ; storms from the .sea, on the utlier hand, drive it 
farther up the stn'ain. 

But besnles the b-ir.s at the mouths of rivers, a much more extensive 
accumulation of alluvium from the land is fouml in the form of a long 
bank, W'hich accumulates in front of a low shore, ami .sometimes strcdches 
along a coast-line intermittently for hundreds of miles. This bank or 
barrier consists of sand, silt, or even gravel, which is contijiiially irans- 
ported along the coast by the prevalent eurreiif. Owing to the sh.'illow- 
ness of the water the weaves begin to break at some (lisfance from the 
beiich, and the agitation which they eause cheeks the onward drifting of 
the sediment, which cori.sc«[uently aeeumulates in a )>unk that is gradually 
increased in height, until eventually )»y the aid f»f occa.sional storms it is 
raised al>ove the line of high water. 'Phoiigh the barrier retains this 
position, its materials along the seaward .slope are continually being j)ushed 
onward along the coa.st, while fresh supplies of .sediment arrive to nial^e 
good the waste. Inside the barrier lies a long stri|> or lagoon of cidm 
water, which at firet is of course a [xirtion of the sea. But by degrees, 
as the barrier grows, the direct connection of the lagfmri with the sea 
may be cut off, and the water inside may in the end )>ecorae fresh. The 
detritus brought into it from the land slowly fills it up, until it may jiaas 
into the condition of a morass or peatrmoss, and eventually into a plain 

* See an interesting pa}>er by Profwsor SoIIm, y. J, U'eol. Soc xxxix. (1883), p. 611, 
and authorities there citeti. 
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on which, though its surface may be l^elow the level of high water, trees 
will grow. If, however, owing to any cause, the supply of sediment to 
the barriei's outside should fail, the waves will begin to attack the 
accumulation, and when it is breached the sea wdll at high-water inundate 
the woodland inside. As already remarked (p. 388), it was no doubt 
by some such succession of changes that many of the so-called ‘’sub- 
merged forests ” of Western Europe were produced. By the formation 
of coast-barriers the seaward portion of the drainage of a country may 
be seriously affected. Riveis are sometimes made to flow parallel to the 
shore-line for long distances before their water.s can find an exit to the 
sea. Here and there, though there may be no visible outlet, the water 
of the lagoon is kept from overflowing by soaking through the porous 
l>arrier and so reaching the beach outside. Elevation of the land on 
such lagoon-fringed coasts gives rise to a maritime border of flat alluvium. 
Portions of the “raised beaches” of Britain which ha\e had this origin 
contain peat-filled hollows with sheets of marl full of lacustriFie shells. 

Some of these facts in the economy of rivers have been well studied at the mouths of 
the Mississippi. At the south-west ]>a98, the bar is equal in bulk to a solid mass one 
mile square and 490 feet thick, and advances at the rate of 338 feet each year. It is 
formed where the river-water begins to ascend over the heavier salt water of the gulf, 
and consists mainly of the sediment that is pushed along the bed of the river, A 
lingular feature of the Mississippi bars is the formation ujwn them of ‘‘luud-luraps." 
These are masses of tough clay, varying in size from mere protuberances like tree-tiunks, 
up to islau'ls several acres in extent. They rise suddenly, and attain heights of from 8 
to 10, sometimes even 18 feet above the sea-level. Salt springs emitting iiiHarnmable 
gas ri.se u|)on them. After the lapse of a considerable time, the springs cea.se to give oft 
gas, and the lumps are worn away by the euiTcnts of the river and the gulf. The origin 
of these excrescences has been attributed to the generAtion of carbni etted hydrogen by the 
decomposing vegetable matter in the sediment underlying the tenacious clay of the bars,‘ 

Conspicuous example.s of the foniiation of detrital buns may occasionally be observed 
at the mouths of narrow e8tuarict>, as at e 



<v 


Fig. 184.— Shingle lUjJ Saml spit («) at the mouth of 
on estuary (c), eiitereU by a river, ami opening 
upon au exiiOMeil rocky coaat-llne (ft.). 


in Fig, 131. A constant stmggle take.- 
place in such situations between the tidal 
ciUTents and waves uliich tend to heap 
up the bai and block the entrance to the 
estuary, and the .scour of the river and 
ebb-tide which cudea\om.s to keep the 
passage 0 {K>n. 

On H coast-line such .is that of Western 
Kuro|K,‘, subjfct both to [lowerful tidal 
action and to strong gales of n iiid, many 
interesting illustrations may W studied 
of the struggle between the rivei-s and the 
sea, as to the disjtosal of the sediment 
borne from the laud. De la Beche de- 


scribed an example from the coast of South Wales, where two streams, the Towey and 
Nedd (a and 6, Fig. 136), enter Sw'ansea Bay, liearing with them a considerable amount 
of sandy and muddy sediment. The ftne mud is cai ried by the ebb-tide {t 1 1) into the 
sheltered buy between Swansea (c) and the Mumble Rocks (e), but is partly swept 


Huuiplnvys and Abbot, ‘Report on Mississippi River,’ 1861, p. 462. 
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round this headland into the Hnatul Channel. The coarser sandy sediment, more 
ra])idly thrown down, is stirred n[> and driven shorewards by the breakers can.sed by 
the prevalent west and south-west winds (uj). The sandy Hats thereby forraeil aie partly 
uncovered at low water, and Wing tlien diietl by the wind, supply it with the sand 
which It blows inland to loiiu the lines of sand-dunes if /V 

Of lagoon Ijarriei’s main examples may lie ohsorved on map.s of Enro)K‘, India and 
North Anienea Instinctive illintiations may ofti-n he lomid on a .small scale wlu'ie 



the mam (e.ituios nf ihe stiiKliue ale well ilnplajei) Thus at St.ut Hay, on the lojist 
of l)i \ .'ii f Fig. lit)'. lh< lotksolilo eoimtiv. wI.kIi consist oI slates (e,i generally u\ i i - 
spread with aeiMtmg id'tluii own dec.ned 'u'i.>.rrtn< e (>/), slip under the walei of a liesh- 
watei 1 igooii (I which is sep.aated ftoni the se.i l»v a bairiei ;/-)of deliitiis The 
lagooijs of the shores ol the Meilitcii.uieaii.- .iii'l the Kill iselie and Fiische Hal in tin 
H.dlic, iji.ii I ),int/.ie, .lie I.uiiiImi' exanipies The southcin coast of lielund is hn many 



1 i;; l.'SlS Seetn 111 of Hai .111*1 1 a.;o..ij '^1 ij ;‘'ii I'ool, ^t.nt Ijjiv, |ie\on (7; ) 

leagues fringed with sainl lmis foirned fiom t lie sediment cairual down by the glacier 
nvcis horn the gieat ice-ln lds. ‘ A i onspiciious senes of these alluvial liiii.s fionts the 
American niamlainl for man} liundied miles lonnd ihetdilf of Mexico and the shores ol 
Flojida, (Jeoigia and Noith Caiolin.i (Fig. J.o ; * A space of .seveial hundred inilea on 
the east coast of India is siniilail} I)oid< ied F.ln de Heanniont, indeed, cMtirnatwl 

that .afniut a thn<l of llie wfiole of lines of llie lontinents is fiinged with such 

alluvial liars. ' « 

^ ■ (ieologK al < M)S(_t vei.’ j> 

* For an ai count of t!le^e . -1 e Aii'-ted, .!/</! lii<s(. f'u . hmim xxvii (IS(!9). p. 287. 

' .See Dr Thorodil sen's map of Iceland. I'tijl, Mini Ins iiotcs in Ti<f‘>li[ft, \nl 

\u (lN9;{-9-H, p.iil \ii p. 208. 

* See Report liy H. D. Rogers, /inf. .Iw/*. in. ji FI Home infoimation regarding tlieue 
features as displayed on tin* eastern lojist ot the I mted .‘^t.ifi-s will he found in n paper 
hy .1. F New Sun, Jama. \ii, IsOO . ]> 4 to. 

’ ‘I.eeons de Geologic pratnpie.’ i ]> 24I< Some lutcre.sling e.\ainpl«sof this kind of 
dejKisit ari there des* rihed. 

Vt)L. I 2 L 




Fig, 1 J7. Pliui of CouBt-Uus an<l l^gooUB. Coast of i- loriiia 

was to one of these maritime accumulations, that of the Nile, that the 
Greeks gave the name delta, from its resemblance to their letter A, with 
the apex pointing up the river, and the base fronting the sea (Fig. 138). 








the ipouttis of rivers, we may always expect to find terrestrial organic 
remains. 

A delta does not necessarily form at every river-mouth, even where 
there is plenty of sediment. In particular, where the coa8^1ine on either 
side is lofty, *and the water deep, or where the coast is swept by power- 
ful tidal currents, there is no delta.* In some cases, too, the sediment 
spreads out over the sea-bottom without being allowed by the sea to 
budd itself up into lajul, as hapi^ns at the mouths of some of the river$ 
in the north-west of France. Considerable influence may bo exerted by 
tides and currents in arresting or facilitating the spread of sediment ovef 
the sea-flo(W. The deltas of the KhAne, Nile, Tiber and Danube have 
been formed in tideless or nearly tideless seas.-* 

When a river enters upon the delUi portion of its course, it assumes a 
new character. In the previous parts of its journey it is augincntetl hy 
tributaries ; but now it begins to split up into branches, wliich wind to 
and fro through the flat alluvial land, often coalescirjg and thus enclosing 
insular spaces of all dimensions. The feeble current, no longer able to 
bear along all its weight of sediment, allows much of it to sink to the 
bottom and to gather over the tracts which arc from time to time sub- 
merged. Hence many of the channels are choked up, while others are 
opened out in the plain, to be in turn abandoned ; and thus the river 
restlessly .shifts its channels. The seaward ends of at Icrist the main 
channels grow outMards by the constmt accumulation of detritus pushed 
into the sea, unless this growth chances to be checked by any marine 
current sweeping past the delta. 

The typical delta of the Nile (Ki^. 138j affords an excellent illuBtntion of the nmin 
features of dolUi-building. Of the seven ancient nionthu of this river only two now roiiiain. 
As shown on the map, many threads of water wind across tJie plain, and after depowiling 
their silt find their way into wide .sliallow lakes or lagoons, which are separated from thei 
sea by low alluvial hanier.s. Everywhere beneath the Ihiviatile deposits of the delta there 
lies a thick uia.s8 of yellowish ferruginous wind and gravel. On this substratum the river 
lias piled up a de|>tli of aboait 30 metres of fine alluvial clay. To this plain it is estimateil 
tliat an unmial liy^er of fresh material is added amounting to alioiit 24,400,000 cuhic 
metres, Avhile the projwrtion of silt carried past the delta and out to sea is computed at 
36,600,000 cubic metres. This vast tribute of mineral matter does not, however, go to 
increase tlie extent of the delta seaward, for a powerful marine cuirent sweeps past the 
coast and carries the sediment eastward beyond tlie most easterly mouth of tlie river, 
Hence the delta has leached a [lerioj iii its history where it is still iiicrcaseil in height 
by an annual dcjmit of silt, but cannot extend hoii/outally save wlicie the ground on 
either side of it is so low as to be covered dming the inundation. The silt ileliverfxi into 
tlie Mediterianean by the Rosetta and Damictta branches is eventually thiown down along 
the coast of the El Arich desert. Part of it, how ever, is arrested by I he great jetty which 
has been run out from Port S.iid, and so rapid is the growth of laud there that tlie coast 
has advanced about 600 metres since the eoiistriiction of that piece of eiigmeeiing.* 

‘ Consult Admiral Spratt's iiieiuoir, * An liivestigatiou of tlie KHect of the prevailing 
Wave Influence on the Nile’s Dejwsit,’ toho, ijoinloii, 1859. 

^ For a discussion on noii-tidal mein, gee .Vm. l*rt>r. Inut. fir Kn^tu, Ixxxii. (1885), 
pp. 2-68, where information is given about the Tilnr and some other rivers. 

* R. Fortau, ‘‘Sur les l>ei>0ta Nilothiueg," h, N. xxvl. (1898), p. 546. 6lle da 
3eauin<mt on the Nile delta, ‘ Lemons de Oeologia ]»ratique,’ i. (1845), pp. 405-492. 
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Other characteristic asijects of delta-formation where no antagonistic marine current 
interferes are well tlisplayed by the delta of the nvei Mississippi (Fig. 139). Tlie area 
of this vast expanse of alluvium i.s given at 12,300 Mpiare miles, advancing at tlie late of 
262 feet yearly into the Gulf of Mexico at a point which is now 220 miles from the head 
of the delta.* On a smaller scale the rivers of Luiope furnish many excellent illustrations 
of delta-growtli. Thus the alluvial aecumulatiuns of the Rhine, Mcii.se, Samhie, Scheldt 
and other rivers have formed tlie wide maritime plain of the Nethei lands.- Tlu' 
RhOiie, which has deposited an important delta in the Meditenanean Sea, is com- 
puted to furnish every year (by the Petit RhOiiu) about lour millions of cubic metres of 



I'li; iS't Mnji i»l IS'llii ul' .Missi'>'.ii)|(i 


sudiiiieiit to tlie shot e.s. ' Tlie upper leachesof tli.- Adiiatic Sea are being so rapidly 
shallowed and tilled up by the Po, Adige and othei streamy that Kavenim, originally 
built 111 a lagoon like Venice, is now 4 miles /loiii the sea , and the poet of Adna, so 
well kiiosvn in ancient times as to have given its name to the Adriatic, is now M mile.s 
inlainl, while on other putts of that coast -line the breadth of land gamed within the 
last IKOO years has bei<n as much as 20 miles. HoMng.s for water near Venice to a (ie]tth 
of .^i72 feet have disclo.sed a succession ot iieaily horizontal clays, sands and hgnitiferous 
beds. Marine shells {('anfium, &e.) occur in the sandy layeia ; the lignites and ligniti- 
feroiis clay.s contain land ^egetation and terrostiial shells (.VioW/ifo, f'npa, Jfeltv), the 

* Humphrey ^ and Abbot, -v* n(. ; see also G. Hartley, Min. Proc. Insf. Cn\ Knifin. 
^1 p. 185 ; W. Gpliuiii, ‘’Growth of Mississippi Delta,” Amt-), (ieul. .w.v. (1902), ji. 103.. 
The tide has a me.m rise of 15 inches every 21 hours at the Missi.ssii»pi nioiiths. 

Mail ha.s eoiitnluited in .i considerable degree to the changes of this part of KurojH; 
during historic times, and liis iiifiut-uce contume.s to la.* .shown. He lias reclaimed wide 
tracts once fitspieiitly mmidateil, he lias kept out the sen by dyke.s, and he h.ts schemes for 
turning the Zuider Zee into ciilti\. able land. See “The Reclamation of the Zuider Zee" 
(with map). Ueo'j. Jimnu \. (1893), p. 234 ; W. H. Wheeler, Nalnif, l.w. (1902), p. 275. 

■* For this delta and its lagoons, see the pajier by Ansted, ipioted antf, p. .''•13. Reclus, 

‘ Gikigniplue umverselle,’ tome ii. (France), chaps, ii. and iii. ; and A, Gufrard, M\n. Proc, 
Inst. Civ, Engin. Ixxxii. (1884-85', p. 305. 
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whole sueceSsioii of dci> 08 ith indicating an alternation of iiiannc and tcirestrial or fresh- 
water conditions.* On the op|>osite side of the Italian peinnsiila. great additions have 
been made to the eoa-st-line witliin the histoiieal jMMiod. It is eimi|mted that the 
Tuscan rivers lav down as miu h as Ti million cubic vards (•! so<limcnt tnci v year within 
the marshes of the .Maremma. The “yellow ’’ Tiber, as it was aptly teimed by the 
Romans, owes its cobmi to the abundance of tin* srdiiiieiil which it enirics to sea It 
has long lieen adding to the ooast-line .iround its numtli ar tin* rate of from 1‘J to 13 
feet jter aiiiium 'Ihe an( lent harbour of Osti.i l^ now ci«nM*<|ucntly iiioif than 3 miles 
inland. Its mins have l.een j>art)al]v < \( a\a1e.l, Imt r\ .tv bnj:li tb-od ..ftlie river leaves 



a deposit of mud on the struts and on tli« tloois o| the umoNered bouses lienee 
it would seem tli.it Ihe Tibei his iiof only advaue.d its eoasl-liiie but lias laised its l»ed 
oil the plains, by the deposit o| alluMtiui s.i tbit it now* .oeilloWH pl.iees wbii li, 2('00 
years ago, < yiiM not have been so fre.jueiilly iimlei - in the Uliiek Sea, ii great 

delta IS i.ipidly growing at the months ..( the Daniitu* At tin* Kilia oiitl' ts the wafer 
IS shallow mg so fast th.it the lines of s.)\indiitgs ..f i; |(,.| .md .pi j,., ! are adv.iunng into 
the sea at the ute ol bet ween .300 ami lOOInt p* i .iiiiiniii ' The tyraeal delta ol the 
Nile lias .1 seawaid bolder ISO mile.s in length, liie distance lioin whieh to the apex of 
the plain when* the nvet bifuKates is !t0 miles ^ ’! In* nniiid della of tin* flanges and 

* felie lie Beanmont, ' herons <!e (o.ilogie piali.jue,’ i. p f.Ve/ .l/.o/ ix (IS/'J)^ 

p. 4S(). 

' See an interesting article by <’iiail»> \butins on tlie Viguts inortes (i p. .Ip.kI waters 
or disiise.l nvei ehaniicls), n> /.'..or ./r.< Jhn, Mnmif.s. |S74, )>. T'^O. I ai eon))>aiiie(l the 
distinguishefl Knoieli geologist on tin- odasion of Ins visit to fistia m tlie spring of 1>^.'), 
and was nun li struck with the jiroofs of llie rapid. t> of .b posit m fiivouralde Kituations. In 
the article jiist cited, ami hi another m nmf. Ixwin. p 174-''', some valuable nifonna- 

tion IS given legardmg the progress ol the d<-!tti <'f tin* Kboiie in llie Meditorraiifan. Inter- 
esting liislnrieal data as to geologii*al eJiaiiges at the mouths of the Hliine, Meuse, Klla*, J*o, 
Rhone and other Kurope.iii rivers, as well a» of the Nile, will be found m Kite .jo lieiumi()nt“.s 
‘Ijecous (le Geologic pratnpie,’ i. p. 253. 

Hartley, Mm. Pmc. Imt. Cir. Engju. x.\xvii. p. 21<). 

■* For A detailed .study of the Nile delta iii its geological aspiect*, see an essay by Dr, J, 
Jaiiki’i, Mitthdl. Jnhrh. Kon. Vngnnsrhfn (ifol. Ansi. vhi. (1890), p, 230. 



BOOK m tt 


Brahniftirntn (Fig. 140) coren a apace of between 50,000 and 60,000 square miles, and 
baa been bored through to a depth of 481 feet, the whole mass of deposits consisting of 
fine sands and clays, with occasional pebble-beds, a bed of peat and remains of troes, 
but with no trace of any marine organism.' 

(g) Sea-borne Sediment. — Although more properly tn be noticed 
under the section on the Sea, the final course of the materials worn by 
rains and rivers from the surface of the land may be referred to here. 
By far the larger part of these materials sinks to the bottom close to the 
land. It is only the fine mud carried in suspension in the water which 
is carried out to sea. In none of the numerous soundings and dredgings 
in the Gulf of Mexico has Mississippi mud been obtained from, the bottom 
more than 100 miles eastward from the mouth of the river.- The 
soundings taken by the Challenger, however, brought up land-derived 
detritus from depths of 1500 fathoms — 200 miles or more from the 
nearest shores {p, 581). The sea fronting the Amazon is sometimes 
discoloured for 300 miles by the mud of that river. 


§ 4. Lakes. 

Depressions filled with water on the surface of the land, and known 
as Lakes, occur abundantly in the northern parts of both hemispheres, 
and more sparingly, but often of large .size, in warmer latitude.s.'* For 
the most part, they do not belong to the normal system of erosion in 
which running water is the prime agent, and to which the excavation 
of valleys and ravines must be attributed. On the contrary, they are 
exceptional to that system, for the constant tendency of imnning water 
is to fill them up. Their origin, therefore, must be sought among .some 
of the other geological processes. (See Book VII.) 

' For a full account of tlio alluvium of the Imlo-Gangetic plain, see Mcdlicott ami 
Blatiford’s ‘ Geology of India,' chap, xvii., ami authontica there cited ; also a more recent 
paper by Mr. Metllicott, Records (ieol. Sorv. Indut, 1881, p. 220. 

^ A. Agasaii, Awer. Acad. xii. (1882), p. 108. 

* A useful compendium of information on the subject of lakes is supplied in F. A 
Forel’a ‘ Handbiich der Heeiikumle,’ Stuttgart, Engolliorii, 1900. Knglish lakes are 
^taciwed by H. B. Mill, fieorj. Jirum. vi. (1895), pp. 46-73, 135-166 ; J. Marr, (^. /. d. S. 11. 
(1885), p. 35 ; Hi. (1896), p, 12. Scottish lakes by J. Murray, J. F. Pullar, B. N. Paach, 
and J. Horne, Scottish Ucograpk. Mag. ,\vi. (1900), pp. 309-353 ; xvii. (1901), ]>p. 273-296. 
The lakes of France by A. DeleWque, in his large and well -illustrated work, ‘Les Lac« 
Fran^ais,’ Paris, 1898. The lakes of .Switzerland by Forel in the work above referred to; in 
his monograph, ‘ Ijc Ijcmao,’ Lausanne, 2 vol-s. 1892, 1895— a valuable e.s.say on the rfgiwe 
of a typical lake ; ami in many papers in the Cmjd. rend, from 1875 onwaisls. The lakes 
of Italy by 0. Marlnelli, Retmt. (leograf. ItcU. i. (1894), ii. (1895) ; G. de Agostini, ‘ II Lago 
d^Orta,’ Turin, 1897 ; Bol. Soc. deog. Hal. 1898, fasc. ii. an(» ix. ; 1899, fa.se. iii. ; .\tli 
Omgr. dmj. Hal. 1898 (gives a bibliography of the subject). The traces of laige Pleistocene 
lakes in Southern Italy have la-eu described by 0. de Lorenzo, Atli Accad. Sci., Najdes, ix. 
(1898). The Balaton Lake (PlattenseeX the largest sheet of water in Hungary, hns been made 
the subject of an elaborate monograph by a Committee of the Hungarian Geographical Society, 
In which the physics, chemistry, geology, flora, fauna, archeology and ethnography of the 
area are described : ' Resultate der wissenschaftlicheu Erforschung des Plattensees,’ 3 vols. 
4to, Vienna, 1897-98 and subsequent years. 
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Lakes *are conveniently classed as fresh or salt Those which possess 
an outlet contain in almost all cases fresh water ; those which have 
none are usually salt. 

1. Fresh- water Lakes. — In the northern parts of Kurope and 
America, as, first emphasised by Sir Andrew liamsay, lakes are 
prodigiously abundant on ice-w'orn rock-surfaces, iiTes})ective of dominant 
lines of drainage. They seem to be distributed as it were at random, 
being found now on the summits of ridges, now on the sides of hills, 
and now' over bioatl plains. They lie for the most part in rock-basins, 
but many of them have liarriers of ileiritus. Their connection with the 
operations i)f the Glacial period will he afterwards alluded to. In the 
mountainous regions of temperate and pilar latitudes, lakes ahon.id 
in valleys, and are connected with main drainage-lines. In North 
Ameriwi ^ and in h^juatorial Africa - vast sheets of fresh water oecnr in 
depressions of the land, and are rather inland .seas than lakes. 

Lakes may he classified according to the nature and origin of the 
basins in which they lie. (1) Some have been produced by irregular 
movements of the lithosphere, whereby hollows have been forrneil at 
the surface, by which the drainage i.s inteieepted. Such rnovi'ments 
may he connected with mountain-making or with slow distortion and 
fracture of tlio crust, like the uplift which is now grailually altering the 
topography of the Giicut I.akos of North America, or with sudden and 
rapid disturbances, as in eartlxpiake.s, when the ground is rent or 
tlirojvn into undulations ; or with tin* operations of volcanoes, like the 
crater-lakes of Italy, the Eifel, and Gentral France. (2) Other lakes 
have been formed as the re.sult erosion. Sometimes the material 
has been removed by solution, as in the meres of ('heshire that arise 
from the abstraction of rock-.'valt by underground water, or in the lakes 
of the Karst ty|)e, where the solution ha.^ affected limestones. In other 
cases the erosion has been of a mechanical kind, .ns where wind has 
scooped out hollows that become temporarily or permanently filled with 
water, ^ or where water falling over a cliff of ice or rock excavates a 
hollow in the rock below, or wdiere land ice grinds out a basin in a solid 
rock(/ns/cu, p. .')r)2). {.'i) Still another class of lake.s has aiisen from the 

deposition of material in such a form as to arrest and retain sheets of 

‘ Out of th<* voluminous literature uliieli lia<t K.Uliereil louiol the (ireat Lakes ol North 
America the following writings mu) Ih- iit»-<l In-re : Tin* iMjjer-- hy (J. K. (Jillieit ami thono 
of J, W. Speneer already quoted on |» 3H7 , also .1. W . Sjicm-er, A/ufi dei'l. mv, (18tM), 
p. 289; xxi. (1898), p. 110 ; A. X, Wim-hell. op. itt. xix. HSOT;, p. aufi 

* Among the papera de\oted to the iiivestigatiou of the (Jrent Afiiean hikes are Iho.s^hy 

R. Sieger, Jakrtth. Verem i.'eiHjraph. VtiH'fniiiU, irf#ji, xni. (18S7), Ixii. 1892 ; 

(,/. /. (i.S. .xli.v, (1893), p, 579. A ('.irson, J. <•'. ,S. xlviu. (1892k p. KH ; 1‘ctrmi. Miff. 
xxxviii. (1892), p, 250; xxxix, (1893), p. 47, /'/oc. /foy. (iftxjmph. .W. 1892, p. S27. 
J. E, 8. Moore, Pioc. Hot/. Sttc, Ixii. (1898), p. 450; y<t(uif, Iviii, (1898), pp. 401 ; lix. )tji. 152, 
251 ; Quart. Jaurn. Micro, Set. xli. pp. 159-180. Theac papers furnish luologioal eiideiice 
in favour of the lakes having once lieeii cnimected with the sea Cajitaui Hoileau ami L. A. 
Wallace, fJfog. Journ. xiii. (1899), p. 577. 

* .In/c, p. 437. As further examples, the ilry lake* of Western Australia may U- refcrreJI 
to. H. P. Wootlward, ovof/, 1897, !*». 368. 



520 ' QSoiMft BOOK m pari* n 

water. Frequent illustrations of this operation are supplied* by land- 
slips, which when they are launched across valleys pond back the 
drainage above them. Similar effects are sometimes produced by rivers 
whore they throw down barriers of detritus across tributary valleys. 
But the most impressive examples are probably those .supplied by 
glaciers. Here and there the ice itself, advancing down a main valley, 
blocks up the mouth of a tributary, as the Aletsch glacier has done in the 
case of the Marjelen Sea. More frequently it is the moraines shed by the 
ice that have impeded the <lrainage, as in thousands of examples all over 
the northern hemisphere. The detritus left by the sheets of ice that 
once overspread so much of Northern Europe and North America had a 
most irregular surface, and many of its hollows on the retirement of the 
ice became ami still remain water-filled lakes. The lagoons that lie 
inside the lairriers of sand or gravel thrown up along a sea-coast some- 
times become fresh-water lakes (ante, p. 511). The looj)8 of water left 
isolated where a river has straightened its course (Aigues-mortes, p. 499) 
likewise form pennanent lakes.* 

The water of many lakes has been observed to rise above its normal 
level for a few minutes or for more than an hour, then to descend beneath 
that level, and to continue this vibration for .some time. In the Lake of 
Geneva, where these movements, locally known there as Srirkfn, have 
long been noticed, the amplitude of the oscillation ranges up to a metre 
or even sometimes to two metres. These disturbances may sometimes 
be due to subterranean movements; but probably they are mainly the 
effect of atmospheric perturbations, and, in jwrticular, of local storms 
with a vortical descending movement.’^ 

The distributiofi of temperature in lakes is a (juestion of considerable 
geological interest, as it affects climate and lacustrine faunas and floras. 
As far back as 1788, Count Morozzo made olwervations of the vertical 
range of lenjperature in the l^ago d’Orta in Piedmont ; and though, from 
the imperdect thermometers then available, his results have no precise 
value, tliey demonstrated the important fact that the water some distance 
down was colder than that of the surface. This observation has since 
been verified by much more exact determinations. It is now well known 
that in lakes of considerable depths, situated in regions where the winter 
temperature Ls low, a permanent mass of cold water lies at the bottom. 
The cold, heavy water of the surface in winter sinks down ; and as the 
upper layei's cannot be heated by the direct rays of the sun, save to a 
trifling and superficial extent, the temperature of the deep parts of these 
h.4sins is kept permanently at little above that of the maximum density 
of fresh water (39“ Fahr. ; 3*?9'' C.). 

At Loch Lomond in Scotland, which lies 25 feet above sea-level, with a dcptli of 
af)Out 600 feet, and is in {»reat measure surroundoil with high hills, Christison found a 

’ See a gtXMl paiw by Professor W. Al. Davis, “On the I’lassitication of Lake Basins,’’ 
Proc. Riston Soc, Xat. Hist. XM. (1882), p, 315, 

* F. A. Forel, Coinpifs Tfnd, I\xx. (IS?.**), p. 107 ; l.wxai. (1876), p. 712 ; Ixxxvi. (1878), 
p. 1600 ; Ixxxix. (1879),- p. 859 ; .Lsw/c. /m/ipMwe, 1879, p, 493. P. dii Bois Comptes rend. 
cxii. (1891), p. 122. 
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tolerably Constant tcmjKjrature of abont 4S" Fahr. in the lowest 100 feet of water.’ 
More extended observations have since been made by Sir John Murray and the statf of 
the Scottish Marine Station in Lochs Ne.ss, Oich, Moiar and .Shi«l, ns well as in sonic 
of the fjords and sounds of the west of Scotland, and the earlier deilneiions linve licen 
confirmed. The surface of LhIi Moiar in .September 1S87 was found to have a tcmi>era- 
turc of 67 Pahr., but at a depth of ICO fatiioms the thermometer had fallen to 4*2 T 
The surface tcm|>eratnre of Loeh Ness in the same montli was .''(t , but at 1*20 fatlioms 
42*1'.^ Careful tliermometrie soundings lia\c been <anied on in tlic Italian lakes by 
Signor G. de Agostini. In the Lago d’Oita, wlieie tlic early obsei vat ions ol Count 
Moro/zo were made, lie found that in Sejitcmhci, wliile the l<‘mj'ei.»lii|e ('f tliesnifaec 
water ranged between *20'' and 23’2' C.. at a tle}ith of 1 to im tres jt wa^ pcisistenllv f' 2 
C. In February the tcm|*cratme of tlic Miilacc w.itei was as low as 4-i)' and the 
water at 140*metres was 4*8" -the winter teni)H*rature preiailing fiom top to bottom of 
the lake. In the I.ago Maggioie, the .September tem]>eiatiiie of the supertieial WHt«'i is 
*22° C., that of the bottom watei (at .‘b'lO mctri's) 67 . In the l.iig.ino lake the nuini'ers 
wore 2r.V and (at *240 meties) 6 3 . in that of ('onio *21) .iml (at 410 nieties) tl 1 , in 
that of Garda 19' and (at 240 meties) 7*7 .* I'veii in the nuicli smaller and shallowei 
lakes in Central Italy a Kimilar <listribution of tempeiatiire has lieen found Thus in 
the Lago di Holseiia, the snifaie of wlmh stands 30.'i ineties above s<’a le\el, the 
SeptemlxT lempeiature of the iippei l.ivei (>l water was huind to lange fiom *24 .) at tlie 
surface down to 24 T at a depth of lo metios. Ikdow that point the therinoioeter 
steadily falls until at 30 meties it is only 0 , slowly sinking till in the bottom la\eia 
(at 140 metres) it leaches 7*2'. The teuipeiatiire ladow a dp|ith of 30 oi 40 iiictioa 
lemains nearly uinlono all tlic year.* 

(it*()l()|^icHl ftuiction.s - -Anion^ the geolo^ic4il ftincliotis diaclia rgrd 
by lakes the fcillowitig; may Im' noticed : 

1st. Lakes eijualise tlie toniporattin* of the localities in which they 
lie, preventing it from falling as mucli in winter and rising as mueh in 
summer as it would otherwise do \Vhen a strong wind lilows along a 
lake it drives forward the warm surface water. In conseijuence of this 
8U[)erficial current the colder water lower ilow'n is brought up U> the 
surface, w'here it gets warmed by the sun and air* as it is pushed towaids 
the other end of the lake. Ly this transference a certain amount of 
circulation is brought about even in the water of a deep lake The air 
alxive the chilly water that comes up to the sui*face is cooled, and on the 
other hand the bottom water is kept from remaining «inite .so cold. As 
an example of the equalising ciFeet of a large lake on the climate of its 
surroundings, the Lake of (Geneva is cited, the mean annual tem^ieiature 
of the water at its outflow being n<!arly 1 Fahr warmer than that of 
the air.'* 

' For observation^ on the freezinj: of this and otln-r l.ik»'s, s.e .1. N. Itof lian.m, .\nO/rc, 
>ix. J). 412. On the dee|»- water tenijanalnre of lakes, A. Hu« ban. Jlrif Asux. IS/ 2, .S* (•«. 

p. 207. 

‘';Proc. A’r/y. .W, win. (1890-91). p 139. 

’ G. de Agostini, ‘ II Ii.ago d’Orta,’ Turin, ls97, pp. *2Vr, 32 

■* G. de Agostini, “ Ksplora/ioni nlrogiiihili** m i l.aghi \ iil< aiiii i di Ila I'rovincia di Ilonia, 
B»‘l. Sor. (ieog. JtuL 1898. fo-v, ll. 

The lakes of Sweden, which cover one-twelfth of the siirfjue of tin- eoimtr}, even isc 
an mi|>nrtant influeiice on ehniate aceording as tliev an; Irozen or ojm n. See J'rofess«>r 
HildebrandHson on the freezing an<I breaking ni' of the ice on the Swe<iisli lakes, .i///i. 
Bi>r, (Jfntral Mfttorol France, 1878. 
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2nd. Lftkes regulate the drainage of the area below th^ir outfall/ 
thereby preventing or lessening the destructive effects of floods.^ 

3rd. Lakes filter river-water and permit the undisturbed accumulation 
of new deposits, which in some modem cases may cover thousands of 
square miles of siu-face, and may attain a thickness of neasly 3000 feet 
(Ijake Superior has an area of 32,000 8(juare miles ; Lago Maggiore 
is 2800 feet deep). How thoroughly lakes can filter river-water is 
typically displayed by the contrast between the muddy i-iver which 



I'lg m - Sodi'JU of a I)<?ltn-C >ii(* ]iiiiU«wl liy a brook into a lakt* 


Hows in at the head of the Lake of (leneva, and the “)»liie n^hing of 
the arrowy Rhone,'’ which escapes at the foot- The mouths of small 
brooks entering lakes afibrd excellent materials for studying tlie behaviour 
of silt-bearing streams when they reach still water.^ Kach rivulet may 
bo observed pushing forward its delta composed of successive sloping 
layers of sediment {anh', p. bOit). On a shelving bank, the coarser 
detritus may repose directly upon the solid rock of the district (Fig. 141). 
But as it advances into the lake, it may come to rest upon some older 



Fi«. 142.— .Stn-aiii ilrtiitus |mshcil fiirwanl o\er A preiioiis lartmlniK' sill (/.’ ). 


lacustrine deposit (Fig. 142). The river Linth since 1860 has annually 
discharged into Lake Wallenstadt some 62,000 cubic metres of detritus. 

A river which flows through a succession of lakes cannot carry much 
sediment to the sea, utdess it has a long course to run after it has pfissed 
the lowest lake, and receives one or more muddy tributaries (see ]). 509). 
Lot lus suppose, for example, that, in a hilly region, a stream passes 

* A-x already .state*! (p. 4 Ui), wiiuls lilowing strongly down tlie lengtli of a lake may raist- 
the wfttiT-leTpl am! im-rfase the volume of the outflow. If this takes jdace coincuiently 
with a heavy rainfall, the tloo*l of the escaping river i.s greatly augmented. These 
features are noticed in IhH'Ii Tay {!>. Ste\en,son. ‘Reclamation of I^and,’ p. 14). Hence, 
though, on the wliok*. lakes tend to iiUNlernte tl*xxl8 in the outflowing rners, the} may, by a 
combination of circnm>itanee.s, sometime.s increase them. 

^ When the Rhone n-aclies the Lake of Cleneva its water rapidly sinks to the bottom, 
carrying with it the tribute of glacier mud with which it is charged. The can.se of this 
sudden disappearance has l*ecu variously cxplaineil. M. Dclel)ec<|ne quotes the exjieriineiits 
of M. Schloeaing, which .showed that when the proi>ortion of lime and magnesia in water falls 
below 0 06 gramme jier litre, the clay in .suspension is ^recipitateil with extreme slowness. 
The proportion of tlie alkaline earths in the Lake of Geneva was found by M. Delebecqne 
to be 0'0747 gramme jier litre. ‘Les Lacs Franyais,’ p. 70. 

* On the characters of lake-sediments, see g paper by Mr. Hutchings Oeof. Mag. 1894 
p. 300. 
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through a* series of lakes (a, i?, in Fig. 143). As the highest lake 
will intercept much, perhaps all, of this s^imer^t, the next in succession 
will receive little or none until the first is either tilled up or has been 
drained by the cutting of a gorge through the ititer\ cuing rock at /. 



Ki}?. 143.- Filling up of It Mucc«^H»ioM of Ijikes (/>’ ) 


The same {jrocess will be repeated at c and </ until the lakes are efl'aced, 
and tlieir places are tiiken by alluvial meadows. K.vamples of this 
sequence of events are of frequent occurrence in Briudn.' 

Besides the detriud accumulations due to the influx of streams, there 
are sorrv? which may properly be regarded as the work of lakes them- 
selves. Even on small sheets of water, the eroding influence of wind 
waves may be observed ; but on large lakes the wind throws the water 



Fig. lll.-nfHch-'.liinglt, Uikc OnLino, fioio.i ph-iio^nipli by (. K, OilUii, I s. (.wl 


into waves which almost rival those of the ocean in si/e and destine 
live ptjwer. Barriers, bars, betiches, sand-<lunes, shore elifls and other 
familiar features of the meeting- lin45 between land and sea, re apiiear 
along the margins of such ^esh-water seas as the (Ireat Lakes of North 
America (Fig. 144). Beneath the level of the water a teriace or plat- 
form is forme<l, of which the distance from shore and depth vary with 

* Much information reganliug tlie rtetailH of tlm distribution of stdiment over tli<* iiottoni 
of lakes will be found in the work of M. Delelwque quoted above. 
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the energy of the waves by which it is produced. This platform is well 
developed in the Lake of Geneva.* In climates where the winters are 
severe enough to freez(! the lake.s, important geological changes are 
wrought on the shores by ice {postm^ p. 532). 

Some of the distinctive features of the erosion and deposition that 
take place in lake-lwisins have been admirably laid open for study in 
those basins of vanished lake.s which have l>een so 'well described by 
Gilbert, Dutton, Kus.sell and lipbam in the Western Territories of the 
Dnited States. They have been treat'd of in a masterly way by Gilbert 
ill his essay on “The Topographic Features of Dike-shores.”- 

4 th. Lakes serve as basin.^ in which chemical deposite may take 
place. Of these the most interesting and extensive are those of iron-ore, 
w'hich chieHy occur in northern latitudes (pp. 186, 612).^ Exten.sive 
accumuhitions of calcareous tufa were formed along the margins of the 
great I’leistocene lake.s of the (deat Ikisiii of North America. The 
highest terrace of Lake Bonneville contiiins tufa in which fresh-water 
shells are enclosed.^ 

bth. Lake.s furni.sh an abode for a lacustrine fauna and flora, receive 
the remains of the plants and animals washeil down from the surround- 
ing country, and entomb these organisms in the growing deposits, so as to 
preserve a record of the lacustrine and terrestrial life of the period during 
which they continue. Besides the more familiar pond-snails and fishes, 
the largest lake's jkissc.ss a peculiar pelagic fauna, consisting in large 
measure of cntomostracou.s crustaceans, distinguished more espi'cially by 
their transparency.’'* These, jus well as the organisms of shallowc'r water, 
doubtless furnish calcan'ous materials for the mud or marl of the lake- 

' 1). Collndon, IhtU S(>c. OVt»/, (.’I), in p (itil. 

- (J. K. (niih«it,.w.to/. Hep r.s. O’. .S’ (is.so- 81 ), :,th /.v^ r. n. o’, s , 

“ Uonm-villt*,” Mon. i S O'. .S’ ispO ; Dutton, .'«</ licport ol saim' Siii vi'\, ISSO 81, 
p 109 ; I, C, Kiissoll, 3nl l(,j> I'. S. (;. .s’ 1SS1-H2. p ll.l.'i ; }(h Report, 1882 88. p. 435 , 
Sth Rtpini, 188rt 87. p. 201 , .and Ins “(JeoloRic.al History ot L'lko Ualionliin,” winch fonns 
Mmio^ntph \i. (1885) of vuuo .Sunoy . \V Dpham on tho I>«mc1u>'> and U'rraces of a 
fornuT (,div'lill laki* (Lake Agavsi/), Hull I', .s’. O'. .S'. .\o. 39 (1887): Sfh Rrp. Vcd. 
ami .Xiit. Hi.if. Sill r. Muutntota (1879), pp. 84-87, “The (Jhu'i.il Lak(' Mmiiig. 

XXV. C. S. O’. .S', 189.5 ; H. W. 'riinifr on a vanislu'd lake in .Mohawk Valh-y, Plumas 
County, (’alil'oinia, Rii/I R/nl. S». Wusliirnffoii, \i. (1891), p. 385. 

® For an flalmrato p.ipt*r on these lakf-i.ro^ (Si*e-erze), sw Stapff, Z. Deutsch (I'eol. {/<■,<;. 
will. pp. MS- 173; aFo A. F. Thorrld, iiriil. Form. Stockholm' Fork. iii. p. 20; .*1113 ^mstea, 
Stvt. Ill p. 61 '2. 

* ’’ Like BonneMllf, ’ pp 167, 209. 

• F. A. Foit-l. Aichiirs (1. Scicinr.'i. Sept. 1882 , “ l.a Faum' j'roloiide dos lines ,Sui.<sse.s,'' 
Mem. Sic. //c/r/t. Set. A'lif .wix.. Zurich, 1885. 0. R luihof. Moif. .AVfO I/i.if. 

1884, p 69. Dr, K. Ponard. “ Los Khi/npodes de la Famie jirofondu dans le Lac I>eman.” 
Rciiif Sin<t.\i ill ZooliHjtc, \n. (1.899). C. A. Davia, “A (Tonlnluition to the Natural History 
ot .Marl," Join 11 (iml. \iii, (1900), i>. 485, and i\. (1901), p. 491. This writer has found 
that the al^.e Chara and S'ln ^>tiiii r art thu rhief .agents in forming the mail in the 
Micliig.".n lakes, ami that the deeper parts of these lakes .are generally free from any thick 
deiHisiis of n e.ileareoiis nature. The ('hiiia has not been recorded ns living at a greater 
depth than .seven to nine nieties, and it is in the water above that limit that the main 
accumulation of rmiri appears to take place. 
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bottoms, *Many fresh-vater plants also precipitate carbonate of Hmc on 
their surfaces or secrete it within their cells. The stonewort {Chata) in 
jmrticularly eflecTno as an agent in abstiacting tlie lime fmm sohitimis 
in lake-water ami in forming lacustrine ni.ul 

But it is«as receptacle.', of sediment fiom the land, and a.s localities 
for the preservation of a jiortion of the tenv'.li i.il t.iun.i and ilora, that 
lakes. pre.sent their ehief intere.st to a geologist Their depo.siis cmisist 
of alternation.s of sand, sdt, nmd, gr.ixel ;ui<l oct.i.sioiial iriegular .seams (»f 
vegetable matter, together with slu■et^ of ealcareou.s mail (p. tW-). In 
lakes iecei\ing much .sediment, little «>r no marl ean accumulate during 
the time W’Jien sediment i.s being deposited In small, eh'ai and not 
very deep lakes, on the other hand, where llieie is little si'dimeiit, ... 
where it only comes occ.isionally .u mteiw. ds (.f flood, beds of w hite marl, 
sometimes HO or 30 feet deep, foiiimd (‘ntiiely of oiganic leniams, may 
gather mi the bottom, a.s has happemal m mimeiuu.s district.s of Seotlund, 
Iicland, and in Michigan .ind tlm adjoining .stutc.s, 'I'lie fresh w.ilei 
linie.stones and elay.s of some old lake basins (those* ot .Miocene limi* in 
Auvergne and .^wit/e'rland, and of Boe-eiu* agi^ m W yoming, foi example) 
eo\er aiea.s oeeasionally hundred.s of sepiaie mib*.' in e-xieiit, and attain a 
thickness of hundred.s, sometimes even tliou.sjind", of fe*et 

Kxi.sting lakes are e*f geologically recent oiigin Tlu*ir tiisapj»(*arance 
is eontinualh’ in jirogn'ss by intilling and eiosion Iksides the dis- 
jdai.rment of their wate-r b\ .illinial aci umiil.itioii.s, they are ioui'ied and 
eventually drained by the cutting (btwii of the bamer at tlii'ir outlets 
W lieie tliev are eti’aied men ly by eio.-^ion, it must he an e\eessi\ely 
slow' proee.s.s, owing to the filtered cliaraeler of the water (|> .kH'J) ; but 
Avlu're it is peifoimed b\ the |•(‘tlo( es'..i«tri of a w.iterfall at the he.id ol an 
advaneing gmge, it may be Jelati\el\ lapid :ifl»‘r it has oriee begun.' 
In a ri\ ei -eoui se it is usual to find a lake like exjtaiisioii ot alluvial 
land above each gorge. These pl.iiii.s may be legarded as old lake- 
bottoms, which ha\e bi-en cliained by the cutting out of the lavinc's 
(p obH). Succe.ssivo tenaces often fiinge a Lake and mark former levels 
of its waters. It i.s when we reflect ujtori the continued opeiatioii of 
the agencies which tend to etiaee them, that we can best letdi.se why the 
lakes now' extant mu.st necessiiily be of com|)aiatively model n date. 
Their modes of origin are further diMUsse<l in Book \ IJ. 

2. Saline Lakes, considered ehemicalh, may be gnmped as sail 
where the chief eimslituents uie sodium and magnesium ehloriiles with 
magnesium and calcium sulphates; and hiftff which are usually 

distinguished by their large jiereontage of s<slium carbonate rjs we4l 
JUS chloride and sulphate (natnm lakes), sometimes by their proportion of 
borax (borax lake.s). From a geological jroint of view they may be 
divided into two cbisses — (1) those which owe their sallric.s.s to the 

‘ Ttie level of the Uke of (ienev'a l*. naul 1<. liavt iH-eii lovoaol alwHit mx and a halt feel 
siiue Homan times (l)aus.>.<‘, Bull. St>r. (Bol. {•’{). ni ).. 140 ) . I.ul tlii'. ma\ puliajis 

be exjihciahle in pait at lexst ).v .liminiilion in the \v.iter "'ii.plj. 

^ For .striking examples of smh tcriace.s see tims.- ot the v.inislie'l Lake I.imneville, a-( 
described and figured in Mr. GiIUtI’s great monograph aUive eite.l. 
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evapofAtion and concentration of water poured int^ them by their feeders ; 
and (2) those which were originally jmrts of the ocean. 

{a) Salt and bitter lakes of terrestrial origin are abundantly 
scattered over inland areas of drainage in the heart of continents, as in 
Utah and adjacent territories of North America, and on the great 
plateau of Central Asia. These sheets of water were doubtless fresh at 
first, but they have progressively increased in salinity, because, though 
the water is evaporated, there is no escape for its dissolved salts, which 
consequently remain in the increasing concentrated liquid. In Ladakh, 
extensive lakes formed by the ponding back of valley waters by alluvial 
fans, have grown saline and bitter, and have become the site^ of deposits 
of rock-salt and soda.^ 

The Great Sail liake of Utah, which has been so caiefully studied by Gilbert 
and other geologists, may be taken as a typical example of an inland basin, formed by 
unequal Hubterraneaii movement that lias intercepted the drainage of a hirge area, 


Fife'. H5.— Termces of Great Salt Lake, ou the tluiiks of tlie Wahsalch MuuuLauis. 

wherein rainfall ami evaporation, on the whole, balance each otbei, and wheie the water 
becomes incieasingly salt from evapdiation, but is liable to lluctuations in level, orcoi'd- 
iug to oscillations of meteorological conditions. The present lake oceupies an area of 
rather more than ‘JOOO square miles, its mu face being at a height of 4250 feet above the 
sea. It is, however, merely the shrunk roninaiit of a sheet of watei ^ihich covered an 
area of 19,750 squ.ire miles, ami to which the name of Lake Honneville has been given 
by Gilbert.' It is .siuroumbd with slopes ami mountains, along the sides of which 
well-defimnl linos of teir.ice mark former levels of the water (Fig 1 15). The highest of 
these tenuee.s lies about 1000 feet above the pie.seiit surface of the lake, .so that whep at 
i^s greatest diiueiisions this vast sheet of water must have hail a depth of about 1050 
feet, its surface standiug at a level of more than 5000 feet above the .sea, and coveiing an 
area of 340 miles from north to south, and 145 miles in extreme width from east to 
west. It was then eertainly fresh, for, having an outlet to the north, it drained into 
the Pacific Ocean, and in its stratified deposits a laeustriiie molluscan fauna lias been 
found.* According to Gilbert theie are proofs that, previous to the great extension of 

^ F. Drew, * Jummoo ami Kashmir Territories.’ 

^ The det iils of this remarkable piece of geological history will be found in Mr. Gilbert’s 
monograph, already cited. 

* For au acconut of this fauua, see R. £. Call, BtUL U. S, Oeol. Snrv, No. 11 (1884). 




Lake Bonneville, there vai a dry period, during which considerable accutuulatious of 
subaerial detritus were formed along the slopes of the mouutaini. A great meteorological 
cbauge then took place, and the vrliole vast basin, not only that termed Lake Bonneville, 
but a second large basin, Lake Lahontan of King, lying to the west and hardly jnferior 
in area, was gradually tilled with fiesh water. Again, another meteorological ivvolution 
supervened and*the climate once more hceanie diy. The waters shrank hack, and in so 
doing left a remarkable succession of teriaces as reeoids of their succcshivc le\eli. 
When they had sunk below the level of their outlet, they began to grow incicssiiigly 
saline. The decrease of the water and the inciease ol salinity were in direct relation to 
each other, until the present degree of concentration has been reached, winch in shown in 
the table (p. ft29). The (Ireat Salt Lake, at piesent Imving an extreme depth ol le.s.s than 
50 feet, is still subject to oscillations of level. These variations are pailly anniinl, due 
to the melting of the snow on the neighbouring niouutain.s. whidi makes the lake icacli 
its maximum height in June, and jiartly non -pei iodic. When surveyc*! by the 
Stansbury Expedition in iHltb the water was 11 leet lowti than in 1‘'77, wlun tbeSiiivey 
of the 40th Tarallel examined the gtound. Since its discoieiy the lake lias twuo liscii 
and twice* fallen, the second fall lieing still in piogii-ss. Large tracl.s of ilal land, 
formerly under water, aie being hud bale As tlic watei rceedes from them and they 
are exposed to the lemrukably diy atmospluMH of tliese regions, they soon become 
oiustcd witli a wlnte .salifeious and alkaline ileposit, which likewise peinK‘ate.s the 
dried mud undeiiieath, So strongly saline are tlie waters of the lake, and so rapid 
the evupoiation, as I found on tiial, that one lloats in spite of oneself, and the 
under surfaces of the wooden steps leading into the water at the balliing-placfH are 
hung with shoil stalactites ol salt fioin the evajtoiation of the drip ol llie emeigent 
batheis.' 

►Some of the siiidllei bikes ill the gieat .iild basin of Noltli \mnicii iiie iiiteiivly 
bltlei, and contain huge <|uatilllles of caibonali ami suljdiatc as well as ihloiide ol 
.sodium I'hf IligSoda Lake near Kagtowii in Xe\a<la ismtaiiis 1 j'.' 01 J gi amines ol s.iKs 
in the lltie of water, Tlie.se salts eolisisl laigely of t hlotnle ol sodium (uWVJi pvr e('iit ol 
the whole'), sulphate ol so<la ;'14‘S6 per eeiiti, eaibomUc of soda (12 00 pei lentj ami 
chloride of potassium '3 73 per cent). Sod.i is obtained tioiii tins lake loi eommeicial 
jmrfHises - 

(A) Salt lake.s of oceanic ori^'iii are c.oiiijiaralively few in munlier. 
In their ca.se, jiurtion.s of the sea have been i.solatc<l by movements of the 
earth’s crust; and the.se deUched aieas, expo.sed to evaporation, which 
is only partially compensated by inflowing rivers, have shrunk in level, 
and at the same time have sometimes grown mneh sailer than the parent 
ocean. 

The Ca8[>iftU .Sea,18(i,000 Mpiaro miles iii extent, and with a iIiaMmuin dcptli of fiom 
2000 to 30o0 feet, is a magniticent e.x.tmple. The shells living m its waters aio ( hu fly 
the same a.s tiiosc of llie Black Sea. Banks ot ihtni may be tiaced between the two 
.seas, with salt lakes, niar3he.s and other evidences to piove that the Casjuan was once 
joined to the Black Sea, and hud thus coniniiiincation with the main licenii. In this ea|e 
also tlierc are proofs of consideiable changes of uatei-level. At piesent the surface of 
the Ca.spian is 85^ feet below that of the Black Sea. Tlie Sea of Aral, also sensibly salt 

' B'lill mforniation legarding the Great Basin and iLs lakes is to !«* found m vol, lii of 
Wheeler's Survey </ lOOih Merulian, vols, j. and iv. of the Sumy of Ihf Parallel, 
and Report of U. S. (Seol. Surr4;y, 1880-81, and in the rejairts ami inonograjilib of Meh,srs. 
Gill>ert and Bussell citcl <jn p. 524. See also J. E. Talniage, “The Waters of tlie Great 
Salt Lake,” Science, xiv, (1889), p. 444. 

Bull. U. S. G. S. No. 9 (1884), p. 25, T, M. Chatard, Ainer. Journ. Sci. xxxvi. 
(1888), p. 148, and xxxvUi. (1889), p. 59. B. U. S. G. S. No. 60 (1890). 
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to the taste, waa once probably united with the Caspian, but now rests at a l^fvel of 2427 
feet above that sheet of water. The stepiws of south-eastern Russia are a vast depression 
Avith iiurneroiis salt lakes and abundant saline and alkaline deposits. It has been 
supposed that this depression contimicd far to the north, and that a great tirth, running 
up between p:uro|>e and Asia, stretehed completely a«’ross what are now the steppes and 
plains of the Tundtas, till it merged into the Aictio Sea. Seals of a’ species (rhoca 
caspictt) which may be only a vaiiety of the common iiortheiii form [Ph. fmt ida) abound 
in the Ca.spiaii, which is the scene of one of the chief sealdishenes of the world.' On 
the west side ot the Uial chain, even at pre.sent, by means of canals eoiinectiTig the rivers 
Volga and Dw'ina, ves.sels ean pass fiom the Caspian into the AVhite Sea.- 

Tiie. cause of the isolation of the Caspian and the other saline basins of that region 
is to he .sought in iindoiground movements which, aeeoi<iing to llelmerseii, are still in 
progress, hut paitly, ami, in the ease of the .Miialler haMiis, i»iohahly chielly, in a general 
dimiuutioii of the watei supply all over Cential Asia and the neighhoiiiing regions. Tlie 
rivers that How from the north towards Lake n,ilka*)h, ami that once doubtless emptied 
into it, now lose themselves in the wastes and aie evapoiated before reaching that sheet 
of water, which is fed only from the mountains to the south. The cliannels of ilie Amur 
Darya, S}r Darya, and other streams heal witness also to the same general desiccation.-’ 
At present, the amount ot watei supplied l>y riv< rs to the Caspian .Sea apjitars on the 
whole to balaime that removed by evapoiation, though there are slight yeailv or sea.soiial 
lliicluations. In the Aral basin, huwevei, there laii he no .loiiht that the waters aie 
progressively diminishing, the lato in the ten yeais between 18 IN and ]8.')8 having been 
18 inehos, or I’S iiieh [x'l annum. 

Owing to llio eiioimous volume of fiosh water poured into it by its iiveis. the Caspian 
Sea is not, as a whole, so salt as the mam ocean, aud still less so than the Mi'diterrauean 
Sea. Nevertlielo.ss the ineMtahle lesult ol evapoiation is theie mainfestHl. Along the 
shallow pools whieh holder this se.i. a eoiistaiit deposition of salt is taking place, loiming 
somotimes a pan or layei id’ losc-coloiiied eiystals on the Imttom, ui gradually getting 
dry and covered with dntt-sand. This conecntiation oj the water is paiticiilarly marked 
in the great olfslioot tailed the Kaiahogli.i/, wliich is connected with the middle basin 
of the (yospiaii Sea l>y a channel IfiO yaids wide and o leet deep Tiiiongli this nairow 
moiitli there flows fiom the main sea a eoiistaiit luiieiit, whndi Von Laer estimateil to 
carry daily into the Kaiahoglu/ 3.’*0,000 tons of salt. An apprei table increase of the 
saltiie.ss of that gulf lia.s been notieed ; seals, whieh onee fiei|ucntcd it, liave foisakeii its 
iiaireu shores. Layeis of salt aie gatheiing on the mud at the bottom, wheie they liave 
formed a saltdied of unknown e.vtent , and the sounding- line, wlien sc.ireely out of the 
water, is eovered with saline crystals.^ 

The following table shows the proportions of saline ingredients in 1000 parts of the 
water of some .salt lakes ami inland seas : - 


* .Vuotlier variety ot siueies of seal mhiitiK Luke Itaikal. For an aecoimt of the stnu ture 
and distrilmtion of seals, see an interesting immogiaph by J. A. Allen in Mtmilanenus 
Publicatwns of f. H. O'cuhyical u7ul iieotjxtphiad Siirroif of (he Teirdoros, Wa.shingtoi), 
1880. 

f * Count V'ou Helmerseii, however, has stated lus Wlief that tor this e\treine northiTii 
IHoloiigalion of the .\ralo-C:ispian Sea then* is no cMdeiue. Tlie sliells, on the presence of 
winch over the Tundras the opinion was chiefly are, according to linn, all fresh-water 

.species, and tliere arc no inaime shells of li\ing species to 1h- met with in the plains .U tlie 
foot of the Ural Mountains. 

■* JhdL Acad. Imp. St. Petonttmanj, \\v. (ISiO), p. fnio. For an account of these rivers 
and Lake Aral, sec II. Wood, Jiami. Iloij. Sm. \lv. (187r»). p. 367, where an estimate 
is given of the annual amount of eAapoiation, 

Von Baer, Hull. Acad. St. P^teii^boury (185r»-o6), See also Carjienter, Piw. Rotj. 
ihog. Soc. xviii. No. 4. 
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Deposits in Salt and Bitter Lakes. — 'I'he study of tiu*. pm ipitiitions 
whirh t:ike jilact* on the Hours of inudeni salt lakes is inipuitarit in 
throwing* light upon tin* history of a nuniher of ehoniieaily formed rocks.’ 
The salts in tlu'se waters aceiunulatt‘ until tlieir point of saturation is 
i-eaehed, or until hy chemical reactions they an* thrown down, 'I'he 
lea.st solulde are naturally the first to appear, the water lua-oming jine 
gies^ively moie and more saline till it reaches a condition like, that of 
the mother-lnpior of a .s;ilt-work. (Tvpsum luigins to he thrown down 
from sea-WMter, when .‘17 percent of w'atei has heen ovajiorated, hut 
per cent of water must he driven oH’ hc'fore chloiide of .sodium can hegin 
to be (h'posited. Hence the concentration and evaporation of tin* water 
of a salt lake ha\ ing a comp(>sition like that of the sea wouM give use 
first to a layer ot sole of gyp.suin, follow'ed hy one of rock-salt. Tliis 
has heen found to he the norm.d order among the various saliferous 
formations in the earth > crust. Hut gypsum may he precipitated without 
rock-salt, either hecause the w'ater was diluted before tin* point (d‘ satiira 
tion for lock-salt was reacheil, (*r hocau.se tlie .salt, if deposile<I. has lieeii 
suhscfpiently dis, solved and lemoved In every ca.se where an alternation 
of layers ot gvpsiim and ro( k-salt otcui.''. tiu're must ha\e heen ii'peated 
renew’als of the water supply, each gyp''Um /one mat king tlic coniiiiciice 
ineiit of a new' >erie> of pieci[)itates 

But from what has now heen .adduced it is oloioiis that the com 
position of m.iny existing saline lake.s is .stiikingly unlike that of the sea 
in the jiroportions of the ditlerent constituents Some of them contain 
carhonato of sodium ; in others the chloiide of magnesium is enormously 
in excess of the les.s .soluhle chloiide of sodium 'I'hese ^a^atlons modify 
the eflects of the evaporation of additional siipplic.s of watei now ))ourcd 
into tlie lakes. The presence of the so<lium-carhon,ite causes the <le- 
comjKisition of lime salt.s, wdth the con.se<(uent jirecipitation of calcium- 
carlxm.ite .iceompaiiied with a slight admixture of niagiiesmm cai hon.ite, 

' t'oi dll' I iiiiii) 0 ‘'ition ot tlie wutii dI ^.lll amt liillii vr lli« .i(ial\''(s ollolul 

1 >\ It'illi 111 lii> ‘ ( 'tu-nnsclie (U’lilome.' i ]•. !({.{ it ».</ . .ilv> the mtu's oJ ji.ijk'I'. on tin- 

loriiMtioii ui l.\ V.in't llott, Hininti's.ii and iii thi 

H'll'ii .!/"(/, iiou in (inir-tf of (iiiliht.ktioli. 'J’l"* ’/tth pajw-r (g>ji>iitn atnl .iiilo ilrilc) 
.'ipjke.ait'.i III tin- iiiniiln'i ol tli*- loi ‘Jlst Noo ihIkt 1901, Sim alsr) .1 M. Van't 

Holt aii'l W. \le>t i lioHor. /.nlnl, ('h')inr, NWn. j>. 7 ^'. 
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while by further addition of the sodium-^rbonate a hydrated magnesium- 
carbonate may be eventually precipitated. Hunt has shown that solutions 
of bicarbonate of lime decompose sulphate of magnesia with the conse- 
quent precipitation of gypsum, and eventually also of hydrated carbonate 
of magnesia, which, mingling with carbonate of lime, may give rise to 
dolomite.^ By such processes the marls or clays deposited on the floors 
of inland seas and salt lakes may conceivably be impregnated and inter- 
stratified with gypseous and dolomitic matter ; though in the Trias and 
other ancient formations which have been formeil in enclosed saline 
waters, the magnesium-chloride has probably been the chief agent in the 
production of dolomite (unle, p. 4*26). 

The Dead Sea, Elton Lake, and other very salt waters of the Aralo-Caspian de- 
pression, are interesting examples of salt lakes far advanced in the process of concentra- 
tion.'^ The great excess of the magnesium-chloride shows, as Bischof pointed out, that 
the waters of these basins are a kind of mother-liquor, from which most of the sodium- 
chloride has already been deposited. The greater the proportion of the magnesium- 
chloride, the less sotlium-chlonde can be held in solution. Hence, as soon as the waters 
of the Joidan and other streams enter the Dead Sea, their proportion of sodinm-chloride 
(w.hich in the Jordan water amounts to from “0525 to ’0603 per cent) is at once pre- 
cipitated. With it gypsum in crystals goes down ; also the carbonate of lime which, 
though present in the tributary stieams, is not found in the waters of tlie Dead Sea. 
In spring, the rains bring large quantities of muddy water into this sea. Owing to 
dilution and diminished evapoiation, a check must be given to the deposition of common 
salt, and a layer of mud is formed over the bottom. As the summer advances and 
the siijiply of water and mud decreases, while evaporation increases, the deposition of 
salt and gypsum begins anew.-* As tlic level of the Dead Sea is liable to variations, 
parts of the bottom are from time to time exposed, and show a surface of bluish-grey 
clay or marl full of crystals of common salt and gypsum. Beds of similar salifsrous 
and gypsiferous clays, with bands of gypsum, rise along the slopes for some height 
above the present .surface of the water, and mark the deposits left when the Dead Sea 
covered a larger area than it now doe.s. Save occasional impressions of drifted terrestrial 
plants, these strata contain no organic remains.* 

Interesting details regarding saliferous deposits of recent origin, on the site of the 
Bitter Lakes, were obtained during the construction of the Sue/, Canal. Beds of salt, 
interleaved with lainime of clay and gypsum -crystals, were found to form a deposit 
upwards of 30 feet thick extending 21 miles in length by Sibout 8 miles in breadth. 
No fewer than 42 layers of salt, from 3 to 18 centimetres thick, could be counted in 
a depth of 2*46 metres, A deposit of earthy gypsum and clay was ascertained to 
have a thickness of 307 feet (112 metres), and another bed of nearly pure crumbling 
gypsum to be about 230 feet (70 metres) deep.® 


* Steny Hunt, in ‘Geology of Canada’ (1883), p. 575. See also A, G. Hogbom, “Ueber 
Dolomitbildung und doloinitischen Kalkorgamsnien,” Ja/ird, i. (1894), p. 262. 

* The Dead Sea, like the Great Salt Lake, was originally fresh, as proved by shells of 
Melanidy Ac., found in lacustrine terraces 1300 feet above its present level. Hull, ‘Mount 
Seir,’ 1885, pp. 100, 180. 

Bischof, ‘Chein. Geol.’ i. p. 397. Roth, ‘Chem. Geol.’ i. p. 476, 

* Lartet, Bull. Soc. France (2), xxii. p. 450 et seq. Below the high terraces, con- 
taining lacustrine shells, evidence of shrinkage and concentration is supplied by gypseous 
marls and a bed of salt (80 to 50 feet), 600 feet above the pre.<ient water-level. 

® Lesseps, Cotnptee rend, Ixxviii. p. 1740 ; .4nn. Ckim. et Phys. (5), iii. p. 139. Bader, 
Verh. Oed, lUicheaneL 1869, p. 28S. 
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Tli0 deAccfttod floort of tih« gmt oaline Uk«t of Utah and KeTada havo revealed 
aome intertsting facts in the hiatory of aaliferoua depoaita. The ancient terracee 
marking former levels of these lakes are cemented by tufa, which appears to have 
been abundantly formed along the shores where the brooks, on mingling aith the 
lake, immediately parted with their lime. Even at present, oolitic grains of carbonate 
of lime are to* be found in course of formation along the margin of Great Salt Lakt), 
though carbonate of lime Iim not been detected in the water of the lake, lieing at once 
precipitated in the saline solution. The .site of the ancieut salt lake which has been 
termed Lake Ijahontan displays areas several square miles in extent covered with 
deposits of calcareous tufa, 20 to 60 and even 150 feet thick. This tufa, however, 
presents a remarkable peculiarity. It is sometimes almost wholly composed of what 
have been determined to be calcaieous pseudomorphs alter gayluasite (a mineral 
composed of carbonates of calcium and sodium with water) — the sodium of ‘Im 
mineral having been replace<l by calcium. When this variety of tufa, distinguished 
by the name of whs originally formed, the waters of the vast Iske must have 

been hitter, like those of the little soda-lakes which now lie on its site— a dense solution 
in whichVarbonate ol soda predominated. On the margin of one of the present sodt-^ 
lakes, crystals of gayliissite now form in the drier season of the year. Yet no tiwce 
of carbonate of lime has lieeii detected in the water Tho carl)onatc of lime in the 
crystals must b« derived from wntei winch on eiitenng the saline lakes is at once 
deprived of its lime.’ 

^ 5. Terrestrial Ice. 

Fresh water, under ordinary circumstances, when it reaches a 
tenipeiaturc of 32'" Fahr. |>as.ses into the solid state by crystallising into 
ice. In this condition it performs a series of important geological 
operations before lieing again mtdted and relegated to tho general mass 
of liquid teirestrial waters. Five conditions under which ice occurs on 
the land de.serve notice, viz., fro.st, frozen rivers and lakes, hail, snow 
and glaciers. 

Frost. — W'ater, if perfectly still, may fall below the frcezing-|ioint 
without freezing, but when it is then movcsl, it at once freezes over. In 
freezing, w'ater expands, so that 100 volumes become 109. If it be 
confined in such a way that expansion is impossible, it remains liquid 
even at temperatures l>elow the freezing-point ; but tho instant that 
the pressure is removed this chilled water becomes ice. There is a 
constant effort on the part of the water to ex|)and and become solid, 
very considerable pressure being needed to counterlmlance this expansive 
power, \vhich increases as the temperature sinks. At 30' Fahr. the 
pressure must amount to 146 atmospherc-s, or the weight of a column 
of ice a mile high, or 138 tons on the square foot. Conscijuently, when 
the water freezes at a lower temperature, its pressure on tho walls of 
its enclosing cavity must exceed 138 tons on the square foot. Boml^ 
shells and cannon filled with water and hermetically sealed have been 
burst in strong frosts hy the expansion of the freezing water within 
them. In nature, the enormous pressures which can be obtained artificialljjf 
occur rarely or not at all, because the sjmccs into which water penetratM 

’ King, ExpUrration »/ the ^Uth PaitiUi-l, i. p. 510. 1. C. Kuawli, Srd Ann. Hep. 

If. S. G. S. (1883), p. 211, and hit monograph on “I^ike Lahoutau." T. M. Chatard 911 
^Natural Soda," Bull. U. S. O. if. No. 60 (1890). On the crystallographic form and 
chemicsl compoeition of the tbinolite, E. 8. Dana, Bull. U. S. Geol. Sutr. No. 12 (1884). 
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can hardly ever be so securely closed as to permit the water to be 
cooled down considerably below 32° Fahr. before freezing. But ice 
forming in aivities at even two or three degrees below the freezing-point 
exerts ati enormous disruptive force. 

Soils and rocks, being all porous, usually contain a good deal of 
moisture, ranging from a half of 1 per cent of their w'eight up to 20, or 
even, in the case of clay, 2r) per cent. By the freezing of this interstitial 
water the particles of the rocks are separated from each other. Stones, 
stump.s of tree.s, or other objects imbedded in the ground, are squeezed 
out of it. When a thaw conie.s, the soil seems as if it had been ground 
down in a mortar. Water, freezing in the innumerable ■ joints and 
fissures of rocks, exerts great pressure upon walls between which it 
lies, pushing them asunder as if a wedge were driven between them. 
When this ice melts, the separated ma.sses do not return to their original 
^ position, d'heir centre of gravity in successive winters become^ riiore and 
more displaced, until the sundered masses fall apart. In mountainous 
districts, where the winters are severe, and in high latitudes, much waste 
is thus pro<luced on exposed clitFs and loose blocks of I'ock. Some 
measure of its magnitude may be seen in the heaps of angulai rubbish 
which in these regions so frcipicntlv lie at the foot of crags and hteej) 
slopes. At Spitzbergen ami on the coast of Greenland, the observed 
amount of destruction (uiused by frost is enormous. The short warm 
summer, melting the snow, fills the pores and joints of the rocks with 
water, whii'h when it freezes splits ofl’ huge blocks, launching them to 

the base of the declivities, where they are furthei liroken iqi by the 

same cause. In some countries wlimv the winters :ire scveie, the soil- 
cap has been obs(*rved to be pushed or to ch'cp downhill from tlie action 
of frost. ‘ 

Frozen Rivers and Lakes. - In countries such as Ganada, the lakes 
and riveis arc frozen over in winter with a cake of ice 11 to feet 

thick. This cake, as it forms, expands and pre.sse.s against the short's. 

A eoiitimiance of frost leads to a contraction of the ice aheady foimed 
and to the consetpient opening of vertical fissures, into which the wat(*r 
from below ascends and freezes. 'When a subsetpient rist' in tempeiaturc 
causes an ex})ansion of the superficial crust, tlu' leo once more presses 
against the shores. When these are steep, the ice yields and either 
breaks up Ulong its margin or assumes an undulating surface o\er the 
lake ; but where tht*y art' .sloping, it is pu.shed uji the slope, carrying 
with it eai'th and boulders. Similar lesults are repeated during 
subset |uent rises and falls of temperature, the debris being driven farther 
up the shore, until it sometimes accumulates in a mound or wall along 
the outer edge of the broken ice. When the ice melts, this embankment 
of displaced material is left as a memorial of the severity of the climate. 
Such “ shore-walls are of common occurrence on the margins of many 
lakes in (’anada and the United Statc.s.’^ Under certain conditions, also, 

' Kerr, Amn.'JoHnt. Sti x\i. (1881). [>. 31a; C. Davi.son, (Sto/. M«>j. 1889. p. 

■'* C. A. WliiU’. Avirr. Naluiolisf. u. (1888). p. 148. li. K. liillwrt. f>th Ami. Rep. 
r. S. Gei4. Siirfeij, 188.'>, p. 109 ; ‘Lnkt* tknmeville,” p. 71 
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anchor -^ce ” (p. 189) forms on the lK)ttom8 of the rivers and rises 
to the surface.^ In several ways, geological changes are thus effecU.Kl 
Mud, gravel, and boulders eneaso<l in the anchor-ice, or pusluHl along by 
it on the })()ttoni, are moved from then* position. This ice, formed in 
considerable* (juantity in the rapids of the Canadian rivers, is earned 
down stream' mid -jieeumulates against the Inrs and banks, or is pushed 
over upon the surface of the upper ice Hv lUs aecuimilation a Umiponiry 
barrier is formed, the bursting of winch causes destnietive HchxIs. \\'hen 
the ice breaks up in early summer, eakes of it wliieh havai ))e<Mi foianed 
along shore, and have enclose*! beach ]>ebbles and ixmlders, Hoat ofl‘ so 
as either t*» drop these in dcejx'r water or to strand tlnun on some other 
part of the shore. 

Tins kiii'l of transport takts place on a scale on the St. ]..awrcnc(‘. The 

islets Ilf huuliler i lay and v,did rock are fnnj'ed with liloeks wlneli hiue heen .stranded 
by K'e ai*d wlui h an* u idy to he af;.iiii enclosed and llo.ited olf failhro down Ntteiun. 
Should a i(a!e aiisi dunn;; the lueakinii up ot th<’ fiost, v.ist jules ol ice, with inui/^lod 
j^iavel and houlders, may he diiveii ashore and jiushed up the hr'ach . even blocks of 
stoyc of cunHiiieralde si/e aie sonietinn s fon ed to a hcij];lit of Hovcriil vaids, tearing np 
the soil nil then wax. and heljung to fonn a hank above tlie water-level. In the siinie 
ii\ci. giiMt d* .stun ti«>n ol h.inks has been mused by mfts nf leo, .ind p,iiticuliii ly ot 
aiiclioi'-u e (’i.il) Island, fm example, which w as about an acre and a half in extent 
at tin* beginning ot tins ei iitiiry, li.is entirely disappeared, jt.s place being indicated 
meiely by .i strong ii|>|ib* ol the water, which is every yr'nr getting dee[ior ovei the 
site - Otlni isl.inds have also been de>,tioyed. (tie.it damage is lieuucntly done to 
r|ii<i\s and bridges in the s.mie reeion. b\ massis of nvun-ne iliniui against tliem on 
the aiiiv.tl of spniig Keferenec has .ili-.nly been made to the incieased powei ol 
tiansport and iiosion .ut|uiied by fio/eu iiveis, and especially when, us in Sibeiia, 
then lie bleaks ii|i in flie liighei fiaits ol then ionises, befoie it gives way m the 
lower f|i lit'. 

Hail, th(' forinatinii of wliieh ih md, yet well uiirlerstood,'’ falls chiefly 
ill summer and during thumler.stoniis. When tin* prdlets of iee are, 
frozen togi'ther .so as to reach tin* ground in lumps as large as a jiigeori’s 
egg, or larger, gnuit damage is ofleii done to rstule, flying birds, and 
vegetation. 'I’rees have their Iruive.s and fruit torn off, and farm ( rops 
are bcatmi down ■* 

Snow.— In those parts of tlie earth’s suibice where, either from 
geographicid jiosition or from elevation into the ujijiei cold n'gions of 
the atmosphere, the mean annual tmnperature is below- the freezing- 
point, the eomlen.sed moisture falls eliiefly as snow', anrl r<’main‘‘ in great 
measure unnielted throughmit the year A lim*, termrul the 
can Ih* tmeed, below w'hieh the snow rlisajipears in .summer, but al'.tve 

' The.se conditions, according to I)r, Itae (.Vo/c/c, \\i ]i are I"!, a ro'ky ol 

stuns IhiU'iIu , ‘Jnd, shallow water as romjmreil with Unit Inghi-i up tlie iticaiii , 3rd, a 
swifter current and rougher water, in eojnpaiisnii with a sniooth and sIiam i motinn 
liniuedl.-ilelv at>i)ve. It is a loose, Hbishy, adhesive kind of lee. See .tlso .V//O 0 '’, \xi. 
p. 61J ; 'All. pp. 31, 5t 

- blcasilell, ./. OV«,/. Sm'. xxvi. j) titjy ; xxviii. p. *292. 

’ For an account of the different theories jiroja/sed to account for hail, see Ih'olesHor 
V’lgnier, .Issoc. Franf/ii^f, 1879, p. 543 , 1880, p. 436. 

* For an illnstr|tioii of this drsttnetive action, see .Yttfine, \lvii (IHfej), p. ,573. 
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which it continues to cover the whole or great part of the surface. The 
snow- line conies down to the sea around the poles. Between these 
hmits it rises gradually in level till it reaches its highest elevation in 
tropical latitudes. South of lat. 78’' N. it begins to retire from the 
sea-level, so that on the coast of Northern Scandinavia it is already 
nearly 3000 feet above the sea. None of the British mountains quite 
reach it. In the Alps it stands at 8500 feet, on the Andes at 18,000 
feet, and on the northern slopes of the Himalayas at 19,000 feet. 

Snow exhibits two different kinds of geological behaviour: (1) con- 
servative, and (2) destructive. (1) Lying stationary and unmelted, it 
exorcises a protective influence on the face of the land, shielding rocks, 
soils and vegetation from the effects of frost. On low grounds this is 
doubtless its chief function. Occasionally snow carries down a con- 
siderable amount of dust which may be suspended in the air, and thus 
augments the soil, as is done by “blood-rain” (ante, p. 444). fn wide 
snow-covered tracts, remote from rocky surfaces, it is possible to detect 
and gather the meteoric dust which falls on the pure white surface. 
Indirectly also snow contribute.s to the accumulation of new deposits, 
where it is swept off by wind, together with the fine dust of bared rocks 
and soils with which it is frozen into drifts (p. 440). 

(2) The destructive action manifests itself in several different ways. 
a. When snow falls in a partially melted state it is apt to accumulate 
on branches and leaves, until by its weight it breaks them off, or even 
bears down entire trees. Great destniction is thus caused in dense 
forests. 6. Snow accumulating on gentle slopes and slowly sliding 
downwards, pushes soil or loose stones down-hill. Ck)n8iderablc transport 
of rotted rock and boulders may thus arise. ^ c. Snow on steep mountain 
slopes is frequently during spring and summer detached in sheets from 
10 to more than 60 feet, thick and several hundred yards broad and 
long, which rush down as avalanches (Lawinen), sweep away trees, soil 
or rocks, and heap them up in the valleys.- Besides the destruction 
caused by the avalanche itself, sometimes much damage arises from the 
sudden violent wind to which it gives rise.^ d. Another indirect effect 
of snow is seen in the sudden rise of rivers when varm weather rapidly 
melts the mountain snows. Many summer freshets are thus caused in 
Switzerland. It is to the melting of the snows, rather than to rain, 
that rivers descending from snowy mountains owe their periodical 
floods. Hence such rivers attain their greatest volume in summer, e, 
A curious destructive action of snow has been observed on the sides of 
the Rocky Mountains, where the drifting of snow-crystals by the wind 
in some of the passes has damaged and even killed the pine-trees, wearing 

^ H. Y. Hind, Canadian .VaturaliBt, viil. (1878), pp. 967, 976, 

* An avalanche near Ormons De.<»Q8, Canton Vaud (Dec. 1882), piled up a mas« of 
ioe and snow 200 feet thick (some of the ice-blocks lieing 18 feet long), and covered 3 
square km. of gronnd. Nature, xxvii. p. 181. Streams may be thus blocked up, as the 
Inn WM at Sda in 1827. For acoonnta of avalanches, .nee J. Coaz, ‘ Die Lawinen in den 
BohwaiMralpen,’ Berne, 1881 ; and the memoir on the Altels example cited p. 648. 

• OeU. Mojj: 1888, p. 166. 




*»a« 


away the*foliage, cutting off the bark, and even sawing into the wood 
for several inches.' 

Ice*caps and Glaciers.- — The slow movement and compression of the 
snow, which, by gravitsition, creeps downward into valleys descending 
from snow-figlds, gives rise to large bodies of icte. The snow in the higher 
regions is loose and granular. As it moves downwanl it becomes firmer, 
jjassing into the condition of n^r/ or ft ni (p. 189). Gradually, as the 
sepjirato granules are pressed together and the air is squeezed out, the 
mass assumes the diameter of blue compact crystalline ice, oftmi with a 
marked stratified structure, arising from the successive deposits of snow 
and from the thawing and refreezing of the layers. From a geological 
point of view, this ice may be regardeii as the drainage of the snowfall 
above the snow line, as a river is the drainage of the rainfall. A glacier, 
like a river, is always in motion, though so slowly that it seems to be 
solid and spitionary. It descends as a brittle, thick-flowing sulistance, 
like pitch or resin. Tlie motion is unequal in the dilferent parts, the 
centre and surface moving faster than the sides and bottom, as was first 
ascertained through accurate niea.suromcnt by .1. I). Forbes, who found 
that in the Mer do Glace of Chaniouni the mean daily rate of motion in 
the summer and autumn was from 20 to 27 inches in the centre, and 
from 13 to 19 J near the side. Helland has observed that on the west 
coast of Greenland the glacier of .lacobshavn, which is 14,000 feet l>road 
and more than 1000 feet thick in the middle, has a remarkahl}- rapid 
motion, its rate for twenty-four hours ranging from 48’2 feet to 04*8 
feet, 'rhe ice of the fjord of TorsukaUk, nearly five miles M’ide, moves 

^ C'l.ireui'e King. I'^ijjloration of Jf^Hh ParotUf i. p. 527. 

' On glacifp? and their geological ^sork, nee De Hiiuasure, ‘ V'oyages ilans len Alps,’ § 535 ; 
Agassi?, ‘Etudes ‘<ur les Glaciers,’ 1840 ; IU*ndn, “Thcorio d«« Glaciers de la Bavoie,” Mim. 
Acad. Saxxne, translated into EnglUh, 1875 ; J. I). Forbes, 'Travels in the Alps,’ 1843 ; 
‘Norway and its Glaciers,* 1853 ; ‘Occasional Pajiers on Glaciers,’ 1869 ; 'ryndall, ‘Glaciers 
of the Alps,’ 1857 ; Mousson, ‘GleUcher der Jetztieit,’ 1854; A. Helm, ‘llandhuch der 
Gletscherkundc,’ Stuttgart, 1885; E. Kiohter, ‘Gletscher der Ostalpen,’ Stuttgart, 1888, 

‘ Meddelelscr om Gronland, ndgivne af Coniinissionen for Ixidelsen of <le geologiske og 
geografiske nndersogelser i Gronland,’ Cojteiihiigen — a voluminous refsirt by a Danish com- 
mission appointed to investigate the country. The ftrat volume apj>eared in 1879, and the 
long series that has since Ijeen issued gives a detailed account of the jihysical geography, im, 
'Groenland: Expedition der Gesellschaft Mr Erdkunde zn Berlin, 1891.98,’ E von Drygalski, 
2 vols. royal 8vo, pj). 556 and 571, with 53 jdates, 10 maps, Ac., Berlin, 1897 ; Chambeiiln, 
'Glacial Studies in Greenland.’ Journ, Oeid. ii. pp. 649, 768 ; in. pp. 61, 198, 469, 565, 668, 835 ; 
Iv, pp. 582, 632 ; v. p. 229 ; R. D. Salisbury, Joitm. Otxd. iii. p. 876 ; iv. pp. 469-810 ; H. 

F. Reid, ^at. Oeog. Mag. iT#U892), pp. 19-84 ; lOUi Ann. Rfp. U. S. O. S. (1896), pp. 421- 
459 ; Gregory and Garwood on Spitzl)ergeii, y. J. G. S. hs. (1898), p. 197 ; Iv. (1899), p. 601 ; 

G. F, Wright, ‘The Ice Age in North America,’ 1889; I. C. Russell, ‘The Glaciers of 
North America,’ pp. x. 210, Boston, 1897 ; ‘The Greenland Ice-fields and Life in the North 
Atlantic,’ by G. F. Wright and W. Upham, New York, 1896 ; ‘Ice-work, Past and Present,’ 
by Professor Bouney, 1896 ; Mr. Douglas Freshfield and Prof. Garwood on the glaciers of 
the higher Himalayas, Geograph. Joum. April and July 1902, 

• See Professor SoUas, “ An Experiment to illustrate the Mmle of Flow of a Viscous Fluid,” 
Q, J. a. S, li. (1896), p. 861 ; E. C. Ca•^ Jovm. Geol. iii. p. 918 ; R. M. Deelcy, GeoL 
Mag. 1895, pp. 151; 408. 
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with a mean rate of 24 feet in a day; that of Karajak, four and a half 
miles broad, moves 30 feet daily. The branch of the inland ice which 
descends into the sea in the Bay of Angpadlartok between lat. 72V and 
75 has been found to show the highest rate of movement ever observed 
in a glacier, viz,, 100 feet in 24 hours or more than 4 feet in an hour.* 
G. F. Wright, from observations made by him in Alaska, inferred that 
the Muir glacier there entered a sea-inlet at an average rate of 40 feet 
per day (70 feet in the centre and 10 feet near the margin) in the month 
of August 1886;- a more recent measurement by Dr. Ileid in the 
summer of 1890 gave a maximum rate of only seven feet in a flay.^ 

The consecjuence of this differential motion is seen in the internal 
banded structure of the ice, in the downward curvature of the transverse 
fissures (crevasses), and in the arrangement of the lines of rubl)ish thrown 
down at the termination, which often present a horse-shoe shape, coi re- 
sponding to that of the end of the ice l>y which they were discha. ged.'* 

'['he ice which descends from the snow-fields assumes ditierent form.s, 
according to the size of the gathering-ground, the supply of ice, and the 
shape and slope of the surface over whicli it has to move, Dut though 
distinguishing names have been assigned to these various forms, they 
pass insensibly into each other. For geological ))ur[)ose,s they may be 
arranged under the following subdivisions; 1st, lee-caps or riateaii-glaciers, 
2nd, Valley -glaciers ; .‘Ird, Gorrie- or hanging-glacieis ; 1th, !b'-c(‘mented 
glaciers. 

I. Ice caps or Plateau glaciei> include the deep mantle of snow 
and ice which, in the Polar regions, covers tiu' land and creeps out to 
sea. In high Arctic, and stdl more in Antarctic latitudes, iand-icc, 
formed from the diuinage of a great snow -field, attains its greatest 
dimensions. The land in the.se regions is buried undei' an ice cap which 
ranges up to a thicknc.ss (in the South Polar circle) of 10,000 feet 
(2 miles) or even more. Greenland lies under such a pall of snow- that 
all its inequalities, .save only the steep mountain-crests and peaks near 

‘ H. Hink, Zrifurh. ften. Kidkinui, Horlin, wiii. No. 

- .[int’f. ./oiirii. Sri. xwiii. (1887), p. 10; H. P, (,'iislmig, .iuifHCioi IStU. j>. 

‘207 ; Hay<‘S, Xational (•ei^groplnc Mugazuie, iv. (1.S92), p, ].')0 . Russell, ,1 mr), Jim III. Sci. 
xliii, (189'2\ p, 109, aiul ln^ ‘tllaciers of Nortli Aiiieric.i oth Ann. Itip. C. S. 0Vv>/ Sim, 
(188.'1), 

•' Oil the rtveiit n-niarkiible ilimiimtioii of the n\w h i, ‘.ee S, P, Bahlwii), .Oat,, nn,/. \i. 
(1893), p. 360. 

* The cause of gKacicr motion ha.s been a tmich \c«l (|iie-stion lu plijsn s. ,See liesuRs 
th'c works above citeil, J. Thomson, /'iw. Roi/. Sue. I8,'»6-.’i7 ;^0'.ely, i>j>. nC 1869 , Croll, 
‘Climate and Time,' 1875; Hopkins, R/iif. J/at/ ; /Vii7. Trtiii.\ 1862; Helmholtz, 
J/eidelherff Verhamll. Xaf. ,Ve</. 1865, p. 194 ; Phil. Mkij. 1866, p. 22 , Pfuff, .Akwl. /kv/er. 
1876. A valuable history of the controversy regarding glacier motion has lieen pieparcd by 
Sir H. H. Howorth, Mon. Pm'. Mnnchfder Lit. Phil. Snr. iv. (1891) ; H. K. Rcid, “The 
Mechanics of Olaciers” Juuni. Oeol. iv. (18961, p. 912. The concliif.ion to which the most 
recent researches point coincides essentially with that enunciated upwards ot 50 years ago by 
J. D. Forbes, that the motion of a glacier “is that of a .slightly vi.scous iiias-s, partly sliding 
upon ita bed, partly shearing upon itself under the infliience of gravity." Trotter, /’nic. Ituy. 
Soc. .vxxviii, p. 107. 
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the coa.st,* are concealed. The snow, creeping down the slopes, and 
mounting over the minor hills, pisses beneath by pressure into oom|mct 
ice. From the main valleys great glaciers, like vast tongues of ice, 
several thousand feet thick, and sometimes many miles in breadth, push 
out to .sea, AvJicre they break off in huge fnigments that float away as 
icelK'rgs.’ Moreover, the inlands and peninsulas which front the edge of 
the tireenland plat«‘au have their imlepcndent .simw fields, from which 
large glaciers descend to the sea. On the American mainland, also, 
extensive snow-fields and glaciers e\l^t in Alaska, which haw been largely 
explored liy the geologists of the I’nited States since that teriitory 
was ceded Ho their country by Russia. A voluminous literature has 
alic'ady been devott'd to the deseiiption of the plu.sical geograjiliy of the 
region 



I Nil h iKUt n| ^^nll (il.icn‘! Ali'K.i in liiii' !'•'* '[Iir'ii ( lill is (unii .iKJ ' " .I'lO I' < I 
l’hut>>,:r'ii>li h> 1 m o K (iiluil I ^ 

The \asl snow Helds, icecap, and glaciers of the Antarctic regions are 
•Still very im)H!rfectly known. As far )>ack a.s 1777, ('aj)tain Cook gave 
interesting de.scrijitions of the glacier^ of South (o'orgia (lat. 7)4 S ), 
which reach the sea in a line of cliffs (Fig. loll). Further information 
was acfpiired la.st century by Wcddel, U’llkes, It’Uiwille and more esjxi- 
cially Sir .lanie.s Ro.ss, Rut it is hoped that large additions to oui’ 
knowledge of the physical geography of tlie Soutli Polar lands and seas 

' Till' ii'f of (iri'otil.'itnl liH'. Ill m'fiit jeuis Im'Di iIumIv stii<lu<I hy soim' of tin* fiiisi rver-. 
whnst; works are citeii on |» lally tin- \<»linin> of llm hainsli ( 'fiiiiiiussKni aiiil th** 

wnpiiK'' of IlrjgiiKly, Cliaiiilioiliji. Xili'-lnirj , Uml, Wuirlit anl t']jliaiii. See aiso 

0. .\fiics JnJuh. 1^99, ii. p, 1900, n p .sO , I>r\pnlNki. "//. 'i>. 1900, i. p 71 ; 

R. S. Tarr, Amer. \ix. (lS97j, p. 2*12, Ih'H. ov„f. .W A,„>, \ni (1S97;. p. 2^>\ ; 
C, ItAliot, Airh. Sa. Phin. .V«/., (H-iieva, 1M97, ls99 1900. 

" The Aliiukan WTs and ‘•now lieliK liaxe Oeen ile^iiiUd la xatmus oliservers See 
G. F. Wnjfht's 'Ice Age in North Auienra' . H. K. ll*i<l. Sut. <•'*<«/. M’Hf. iv C1M92), p, 
19; fOth Ann. Hep. T. K S. (lS9fi), p. 4'il ; I C. Russell, fieol j. p. 219; 

W. H. Dali, }7th Ann. Hep. C. S. u. S. p. S.'>0 ; A. K. .Spurr, 2<if.h Ann. Hep. V. S. O'. .V. 
(1900), part vii, p. ■252, ‘The Ascent of Mount St. Klias. Alanka, le tlio iJnke of the 
Ahruzzi,’ narrated F'^F. de Filippi, London, 1900 (with a hiblio^^rapliy in the Api>eii<lix). 
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will be gathered by the various expeditions which are now engaged in 
the exploration of that part of the globe.' 

2. Valley-glaciers. — Those, which were named by De Saussure 
“glaciers of the first order,” are the largest bodies of ice which emerge, 
from the snow-fields and extend sometimes for many mi^es down the 
valleys and well below the snow-line. They issue from isolated basins of 
snow which are separated from each other by the crests and peaks of the 
mountain ridges. Though naturally most abundantly developed in Arctic 
and Antarctic regions, they may be met with in any latitude wherever a 



147.— Snow-tlfUls and OlacierM of Mont Ulanr, 8oen from the top of Mont Bi('\t*nt. 


sufficiently extensive area of snow accumulates and remains permanent 
throughout the year. They are typically developed among the Alps, 
where they were first studied and whence most of our knowledge of the 
physics and geological action of glaciers, as well as many of the terms 
applied to glacial phenomena, have been derived. The separate basins of 
Alpine snow (Firnmulden) which noiuish glaciers may average perhaps 
two square miles in area. The number ot glaciers in the Alps has been 
estimated at 2000, covering a total area of from 3000 to 4000 square 
kilometres (Figs. 147, 148). They average perhaps from 3 to 5 miles in 
length. The Great Aletsch Glacier is nearly 10 (or, including the snow- 
field, nearly 15) miles long, with a mean breadth of 5900 feet, and 
descending to 4439 feet above the sea. The thickness of the ice in the 

^ 8m Arotowtkt, Compt. rend, exxxl (1900), p. 1260 ; Bull. Soc. Beige OM. xv. (1901), 
p. 96 ; xvi (1909). p. 61. 







^Alpine glaSere must often be as much as 800 to 1200 feet. It hw been 
computed that the Gorner Glacier is large enough to make three cities as 
big as London. 



Fi|? U«. - lilacier do liOehaud, with llto Graiidoa JoruHHOh uiid Ainuilh- <i« Tm ul 


On the gi’eat plateau of Scandinavia large snow-fields exist from which 
numerous glaciers descend (Figs. 140, 150, 151, 152), In Spitzhergem 
and in Greenland vast numbers of valley glaciers radiate from )ndei)endont 



FiK. J-l!'.— view of thp two Gluciern of Foiidalru, Holaiidu Fjoni, Arctic Norwaj . 

basins of snow. Glaciers of large size are formed even in equatorial 
regions where the ground rises sufficiently high above the snow-line. 
They are found ^in great force among the Himalaya Mountains, while 
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among the Andes of Quito, close to the equator, many have been noted,, 
the great mountain of Chimborazo (20,498 feet), for example, being 
capped with ice and sending glaciers out in all directions.^ In the Rocky 
Mountains, once the seat of large glaciers, a few still linger. Those of 
Mount Rainier in \Va.shington have been well described by»Mr. Russell;* 
others are found in the Canadian portion of the mountain range.*' In 
the southern hemisphere the mountain group of New Zealand rises 
high enough to keep perpetual snow and to nourish a number of typical 
glacior.s.* From these examples of wide geographical distri))ution it is 
clear that the peculiar geological results etfected by glacier -ice are not 
restricted to definite latitudes, but may be encountered, under rtie neces.sary 
limitations, from the equator to the pole.s. 

(d) Corrie-glaciers (Hangegletscher) hardly creep beyond the high 
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recesses wherein they are formed, and do not therefore reach as far as 
the nearest valley. Many beautiful examples of this type may be seen 
nestling in deep niches among the mountains along the steep declivities 
which intervene between the snow-covered plateau of Arctic Norway 
and the sea. They arc common also in the Alps and in most glacier 
regions. They belong to what were originally termed “glaciers of the 
second order.” 

(4) Re-cemented Glaciers {Ghider^ remanid) consist of fragments 
which, falling from an ice-clifi’ crowning precipices of rock, are re-frozen 
at the bottom into a solid mass that creeps downward as a glacier. 
Probably the best illustrations in Europe are furnished by the Nus Fjord, 

’ On the glaciers of Keuailor, see WhyiniHT. ‘Travels among the (ireat .Amies,' p. 348. 

!Sfh Aim, Rep I". S. oVof. >'«/<. (1898), pp. 35.')-4‘23 ; '20(h vl7»n. Rep. part li. ; uinl 
‘tllaciers of North America,' alreiuly cited. 

A. IVnck, Zeifneli. Deutsrh. u. Oesfer, Alpenr. xxix. (1898\ p. 55. ApjKiiacfno, is. (1901), 
Nos. iii. ami iv. 

* A. P. Harper, O’m/. Jovrn. i. (1893), p. 32 : op. ei(. v. (1895), p. 61 ; E. A. Fitzgerahl, 
op. eif. \ii (1896). p. 483. 
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and other ^jarts of the north of Norway. In some cases a cliff of “ firn ” 
resting on blue ice aj)pe{4rs at the top of the pm'ipicc — the edge of the 
great “ sneefoiid, ’ <u* siiow-tield, — while several hundred feet below, in the 
corrie or cwm at the bottom, lies the re-eemeuted glacier, white at its 
upper edge, but uecpiiring soinew’hat of the characteristic blue glc'aiu of 
compact ice as it moves towards its lower margin. A beautiful example 
of this kind was visited by me at the head of the dokuls Fjord in Arctic 
Norway in IHbT). When making the sketch from whuh Fig. IhO is 
taken, I observed that the ice from the edge of the f'liow tield ab(»ve slipped 
off in occasional avalanches, which hcnt a loai as <*f thunder down the 
\alley, wliiJe from the .shatteie<l ice, as it nished down the precipices, 
clouds of white snow-dust rose into the an. The debus thus launch jd 
into the <letile beneath accumulates then- by nintnal piessiire into a 
tolerably solid mass, which mo\cs downward as a glacier, and actually 
reaches Vhe sca-lcvel the only cxamjde, so tar as 1 .im awaie, of a 
glacier on the continent of Fuiope which attains .so low an altitude 
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As it desxMuls it IS eievassed . and when it loiiies to the edge of the 
fjord, slices fi<mi time to time slip <»ff into the watei, when' they bam 
fleets of miniature leeheigs, witli whidi the suif.-oe of the fjord {J in Fig 
I.'il) is coveied. Far iiuae gig.intie exhilatious of some of these opeia 
tions are to l>e seen in Koith (lieenlaiid, when' lliegieat ice la]) of tin* 
interior advances to the edge of a clifi oi steep detlivity and laeaks ot) 
in masses that aceumulate at the base 

The body of a noiinal glacier i.s tiaversed tbinugbout its length l»y a 
sot of tissmes called cinns^,\ which, tlnaigh at first as (-ht.sc fitting as 
cracks in a sheet of glass, widen by degrees as the glacier moves on, till 
thev b»rm wide yawning chasm.s. n-U' long, it may be, t<i the bottom of 
the ice, unci travelling «lovvn with the glacier, but ajit to be etlaeed by 
the pressing of tlieir walls togethei again as the gla<-ic*i winds down its 
valley. The glacier continnes to descend until it reaches that jndiit 
where its rate'^of advance i.s just equalled by its li<piefactioii. There it 
ends, its place <lovvn the rest of the valley being taken by the tumultiioua 
river of muddy water which e.sca|n*s from und(;r the melting extremity of 
the ice. A piolonged augmentation of the snowfall will send the foot of 
the glacier faither down the valley; a rliminution of the snowfall or a 
general rise of tenijierature will cau.se it to retieat. faither u]». 

Considenith variations in tli? tliirkiics-. an-i I<-iiKt!i ot glan.-is liavi l.on ob^ovra 
within the last tw^i or three geneiations ain! iiiore jmiiuic iiiv* ‘itigiil ion lias liaml 
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thjBse oBcill^tiong back for some threo hundred years.* It appears thatUe variations 
have an average period of thirty-five years, and that these coincide with variations in 
the climate, such as increased precipiUtion or increased evaporation and melting. Among 
the Aljiine glaciers, which have been longer under observation than those of any other 
region, the glacier of La Breuva. on the Italian side of Mont Blanc, shrank to such an 
extent in the twenty-four years succeeding 1818, that its surface at onB place was found 
to have subsided no less than 300 feet* The glaciers of Mont Blanc had ceased to 
advance about 1854, ;ind in twelve years, from 1854 to 1885, the Glacier des Bossons 
had receded 332 metres, that of Bois 188 metres, that of Argontftre 181 metres, and 
that of Tour 520 metres. The retreat continued until 1875, when a number of glaciers 
began once more to advance, including all those of the Mont Blanc group, about half 
of those of the Valais, not more than a quarter of those in the Bernese^ Obcrland, and 
only a few in the eastern Alps. In 1899 their partial increase had died out in the Swiss 
Alps, where only one glacier was then known to be advancing, nine were doubtful, and 
fifty- live were certainly or probably retreating. In the Eastern Alps, on the other hand, 
fifteen glaciers were advancing, thirteen wore stationary, and more than twenty-two 
were retreating. Similar oscillations have been noted in the other glacier tlistricts in 
both the old and new worlds. At pre.sent there appeals to be a general diminution of 
the glaciers over the glob<-, though here and there an opposite movement is taking 
place. 

Some features of geological importance in the behaviour of a glacier 
as it descends its valley deserve mention here. When the ice has to 
travel over a very uneven floor, some portions may get embayed, wliiie 
overlying parts slide over them. A massive ice-sheet may thus have 
many local eddies in its lower portions, the ice there even travelling for 
various distances, according to the nature of the ground, obliquely to the 
general flow of the main mass, as is remarkably displayed in the Green- 
land ice where it flows round the isolated rocks or “ Nunatakker” which 
rise out of it. Travelling forw'ard on successive “ thrust-planes ” (p. 690), 
it acipiires £ stratified or parallel structure, which in some places presents 
a close resemblance to the characteristic lentil ular banded and plicated 
structure of many ancient gneisses.'* This structure is well brought out 
by layers of dark detritus which are especially prominent along the sides 
and lower ends of the glaciers of North Greenland and Spitzbergen. 
At the foot of one of these glaciers the banding curves upward, so as to 
dip under the overlying ice and rise against the hill of detritus in front. 
Sometimes the layers become vertical and even bent double. The plas- 
ticity of the ice is further shown by the way in which the layers come 
up from the floor of the glacier to the surface, bringing with them the 

’ Bnlckner, ' KHmn-Svhwanknng»;n seit 1700’; Penck, O'eog. Ahhiind. 1890, iv. ; 
Ricliter, "Genchichte tier Schwankmigeu der AlpengletwhiT," ZeUsch, Deutuch. v. (kuter, 

W. 1891 ; H F. Keid, Jvnrn. Ufol. iii. p. 278. 

* J D. Forbes, ‘ 'rravels in the Alps. ’ p. 205. 

TliB variatlona in the glacier* of the w'orld are now the subjec't of iinestigation and 
wcord by a Committee appointixi by tho International Geological Cougresa at Zorich in 1894. 
The annual reports of tbU Committee since that time will be found in the ArchiveMSci. Ph^s, 
jVdl., Geneva, and in the Journal, o/ Uwlogy, from which the facts alx>ve stated are takM, 
and to which the stmleut is referred for further details. 

* See by way of example the plates in the memoir on the glaciers and inland Ice of 
Greenland by E, von Drygal.iki, Zeitfch, GesefA /. KrdhiMt, Berlin (1892) ; and the series of 
illustrations to the papers of Chamberlin and Salisbury in the Joum. OooL cited ante, p. 686. 



detritus tfkat bas been imbedded in them, and by the curvature which 
they frequently display round enclosed lenses of dt^bris. This structure 
is further described on pp, 544-548. 

In descending by a steep slope to a more level part of its course, a 
glacier becomes a mass of fissured ice in great confusion. It descends by 
a slowly creeping ice-fall, where a river would shoot over in a rushing 
waterfall. A little below the fall the fractured ice, with all its chaos of 
pinnacles, bastions and chasms, is pressed together again, and by rogcla- 
tion becomes once more a solid mass (Fig. 152). 





IV.’ - SiTlion of (ilacKT with Ici- tiJli, HolamlN Fjnnl, Airllr .Noiwuy 


Cireat destnietion is sometimes caused l>y the breaking off of the erul 
of glaciers which terminate on steep ground. The sudden dislocation of 
the ice and its reduction to fragments, and even to powder, causes a 
considerable proportion of it to melt. A mingled mass of ice and water 
is thus discharged, which, meeting with loose moraine stuff, may speedily 
become a moving debacle of mud. Such, according to M. Forel, was the 
origin of the destmetive avalanche which on 12th duly 181)2 swept 
away some thirty houses and killed about 150 fMiople, in the valley of 
Montjoie, which joins that of the Arvo, not far below Cbamouni.^ 

Another incidental effect of the movement of glaciers is to be seen 
when the ice, barring the mouth of a tributary valley, dams back the 
streams flowing therein, and causes a lake to form. This result may be 
observed at the Marjelen See, on the great Aletsch Glacier, and else- 
where on the Alpine chain. If this arrest of the water is temporary, 
great damage may be done by the bursting of the ice-dam and tlie con- 
sequent sudden rush of the liberated water.* If, on the other liand, 
the glacier is massive enough to form a permanent harrier, the water 
may rise behind it so as to fill the tributary valley, and even escape by 
a pass at its head. Successive diminutions of the mass of ice will lead 
to corresponding lowerings of the level of the lake, each prolonged rest 
of the water at one level being marke<l by a shelf or terrace formed as a 

* OvmpUs rend. cxv. (1892), p. 193. Other wntenijuwign the hursting of a gliwirr-lake 
as the caaae. Another memorable example of a aimilar catastniphc occurrwl alwve the 
Oemmi Pans three years later. ' Oleticberlawine an der AlteN am 11 Kept. 189.%’ by A. 
Heim and others ; Preller, Oeol. Mag. 1896, p. 108. 

• The instance of the banting of the ice-dam m the Dranse ralley has already Vieen 
referred to (ante, p. ^93). 
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beach-Uno the shore. The famous “parallel roads ” of •Glen Kov 
are a striking illustration of this kind of geological history. (Book VI. 
Part V. Sect. i. i? 1.) 

Work dune hy Ice-.sheets and Giaciers.—Sheets of land-ice, 
whether in the form of wide ice caps or of more restricted "laciers, have 
three imtK)rtant ^^eolo^deal tasks to perform~(l) to carry down the debris 
cast on their surface or enclosed in their mass ; (2) to erode their l)ed8 ; 
and (:i) to distribute detritus over the lower grounds which they reach. 

(I) Tianqmrt.—hi ordinary glaciers such as those of Norway and 
the Alps, the transport of detiitus takes place chiefly on the surface 
of the ice. Descending its valley, the glacier receives and.bi'ars along 
on its margin the dust, earth, stones and rubbish which, blown by 
wind, loosened )»y frost, or washed down by rain and rills, come from 
tlie elitl's and slopes. In this part of it.s work the glacier resembles a 
river which caines riown branches and leaves from the woocb< on its 
banks. Tin* «ietritus w'hich rests on the surface of the ice sometimes so 
compleU'ly conceals it that tin* glacier look, like a plain of bare earth 
and .Slones On this surface huge ma.s.se.s of rock- .sometinn's as })ig as a 
large col tage,— though .seemingly at rest, an* slowly lra\elling down the 
valley with tin* ice, liable at any moment to .slip into the crevas.scs 
wdiich may o[)en below them. When they thus disappear, they may 
descend to the bottom of the ic«*, and mo\e w'ith it along the rockv 
floor, whieli is no <loubt the fate of a large pro[»ortioii of' the .smaller 
stones and sand, ihit tin* large stones set'in, .sometimes at least, to be 
cast up again by the ice to (he siiiface of the gl.icier at a lower part 
of its course. 

b’eceiit detailed study of the ice cap ;uid glacieis of .North (ireen- 
land has revealed features in the transport of detritus bv land ice 
which had never before Ix'cn .seen so clearly or on so great a .calc, and 
which p(>s.se.s.s much interest in tln*ir beaiing upon the history of the 
I’leistoceiie glacial deposit., ot (he noithein hemisph.*rc. 'j'he vast 
plateau of inland ici* in (ba*enland con.i..t.'«, so far , is we know, of one 
unbroken snow-field, above winch no hills or mountains rise, e.vcept near 
its seaward margin. From tin* al)scnce of bare rock, no stones or earth 
fall on the surface of this snowy evpaiiH'. The ict* therefore c;iriie.s no 
moraines until it reaches tlui projetting nunutaks near the coast, anti 
i*ven there they are not spcTially numeiou. or of particularly large 
dimensions. Hence one great .MHirie of the material carried down by 
the Alpine glaciers is absent m the tar noitli. From the shore cra'^s and 
fl’oni the nunataks dust is blown inland which, when abundant, dirties 
the . 111 face of the snow-field, but it does not appear to travel more than 
a very few miles from its source of origin. In .ill the Greenland glaciers 
examineil by Profos.sor Chamberlin and his |x‘irty during the expedition 
of 1S9I, while the iijiper piirt of (he ice was on the whole free from 
debri.s, the lower portion wjis iinariably charged with rock-rubbish of 
various kinds for 100 or IbO feet above the bottom. This material was 
disposed .in layers wherein the clay, earth and stones were dis|)er8ed 
without any regard to .size, coarse and fine detritus occurring indig- 
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criiuinaU'lf in the Hamo band. ljai*ge boulders were sometimes found in 
abundance in the lowest bands. So tlnckly piled together were these 
materials in llie bottom of the tee tliat a layer lU ttr lo b'ot, thick 
seemed to be almo.st wliolly composed of l>lack (h iwH l>v tlie melting 
of the ice a* jtile of ^ubbl,^h aceiunulaled l»elow and in front of the 
terminal face of tin? glacier. 

lint tliough at first the upper and main imisN «if the i<e, .'«* far as it 
eonld l)e seen, ap|»careil to he tiestitnte of dflntus, ii ^^a^ found 
towards tin? lowei end'' uf a nnmht*r of ghuneis, and also at tin- eilge of 
the great ieo tiehi, to he loadetl with eaitli ami siones. which had (ome 
U]i from Ik‘Uo\ . (J(»od .section'' were ol»ser\cd wlieic tin* actual upward 
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curving of the l.tym's eonld lx* ti.ired ficiii tin* llo<»r ti. the snif.iee of the 
ice. The ,>U(;ces>i\ e lines of inblush. niaiKiim tin' (aitcfops of liighly 
iiiclitie'l or veitic.i! hands thus In'oiiLtht up. fallowed c.icli otlu'i in 
coiiceiitiK liiK"' act-os', tlie lire.idth (d the glacier for ni.iiiv linndi'fdsof 
feet III hori/oiit.il (li^tan(•e .\t oin |»i)Ui!, within h.ilf .i nnlc fioin the 
edge of the tn.iin icec.iji, a" inany a^ • iglil of these ridges of drilt could 
he seen on the ice. sej»,tiati‘d hv inleiv-il- (»f tweiitv "C thiity tods, some- 
times closely appioaehing each otliei .Moieovei, simnai lines or ridges 
of ilehri.s formed l>y the uprise of hands in tin* n-e parallel to the snlei 
of the valley were observed, closely simulating l.iteial moraines, yet 
entir(?ly derived from the hot tom It is thus evident that lliongh little 
detiitus falls on the surface of t.}:e (lr<enl.uni n e, a very huge annmriL 
of it is carried down in the lower parts.* Snnilai oltservatioiis have 
l>een made in Spitzl)ergeri hy I’nifesnois (raiwatod anrl (Jregory, who 
found the lower fiarts of the glaeiets theie to he sf» hnien with rock- 
rubhish tliat they sometimes could not draw any sharp line between the 
' Chamberiin, ij. OrJ aii eii g 15, mcl s ilnt>ui \ /"ce o.-<r iv' p flCS, 
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glacier and the floor of detritus below it.^ The introduction of *o much 
mineral matter retards the flow of the ice, so that* the rate of movement of 
the lower layers is still further lessened, and the upper parts move over 
them. 

It thus appears that whether on the ice, in the ice, or under the ice, 
a vast quantity of detritus is continually travelling with a glacier down 
towards lower gi’ound. The rubbish lying on the surface is called 
moraine stuff. Naturally it accumulates on either side of a valley-glacier, 
where it forms the so-called lateral moraines. When two glaciers unite, 
their two adjacent lateral moraines are brought together, and travel 
thereafter down the centre of the glacier as a medial mordne. In Fig. 
154 the left lateral moraine (3) of Glacier B unites with the right lateral 



Ii4.— of iii« tiijKJii of two \allcy (ilatitTN, ithowiiijf junction of two lAtcr*! 
Into one medial Moraine. 


moraine (2) of A to form the medial moraine h, while the other moraines 
(I, 4) continue their course and become respectively the right and left 
lateral moraines (r, a) of the united glacier. A glacier formed by the 
union of many tributaries iu its upper parts, may have numerous medial 
lines of moraine, so many indeed as sometimes to he covered with debris, 
to the complete concealment of the ice. At such parts the glacier 
appears to be a bare field or earthy plain, rather than a solid mass of 
clear ice of which only the surface is dirty with rubbish. At the end of 
the glacier, the pile of loose materials is tumbled upon the valley in what 
is called the terminal moraine. 

Beneath the ice of the Swiss glacici’s lies a thin inconstant layer of 
fine wot mud, sand and stones, derived partly from the descent of ^ 
o materials from the surface down the crevasses, jwrtly from the rocks of 
the sides and Ijottom of the glacier-becl. These materials may be seen 
fixed sometimes in the ice itself. Though it may locally accumulate, 
this layer is apt to lie removed by the ice or by the water that flows 
under the glacier. It is known to Swiss geologists as the moraine 
pro/ondc or Grnndmonine ( ^ boulder clay, till or bottom-moraine). The 
sheet of ice that once filled the broad central plain of Switzerland, 
between the Alps an<l the Jura, certainly pushed a vast deal of mud, 

* gi/. O. S. liv. (18981, p. 197 
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sand and stones over the floor of the valley, and this material has been 
left as a covering, like the till of Northern Kuro|)e.* 

It is among the Arctic ice-fields, however, that the raoraitje profondo 
is best developed. As above shown, the lower iwntions of the glaciers 
and even the marginal jjarts of the groat ice c.ip are aluiiulantly charged 
with detritus. ()wing to the remarkable way in wliich the lu^ttom of 
the ice is pushed upwani, the rock fragments with which it is laden are 
brought up to the surface, so as to form ridges there like oitiinary 
superficial moraines. In SpitzlMjrgen a marked ditlVrence was observed 
between the character of the detritus forming the two classes of moraines. 
In those o^ the common or Swiss ty])c the materials carried along on the 
surface of the glaciers are rough, angular and ill as-sorUMl, with only rarel} a 
block amongst them that showed tlie striation so characteristic of ice- 
erosion. In those, on the other hand, forniod out of detritus carried 
along ih and under the ice, the materials are subangular and roundc'd, 
with almrulant scratched and isdished pebbles and boulders stuck in 
a fine tough clay, d'his matrix is sometimes laminated, and the whole 
moraine may bo well stratified, or in other cases entirely without any 
definite arrangement. There is obviously the closest resemblance 
between such deposits and the iHiulder clay or till of Northern Kuro|)0 
and America.- 

Whilc tile fact of the abundant distribution of detritus in the body 
of the Arctic ice cap and glaciers is now well established, ami of the most 
obvious intflre.st and importance for the intiTpreUition of PJeistocene 
glaciation, it presents some curious problems in the lueehaiiK s of glacier 
motion which requite fuller consideration. Tiiat the detritus has not 
fallen from aiiove but lias been brought up from underneath admits of 
no doiiht. Round the nuriafak.s the ice stands back from the rock, 
leaving a trench or ravine int(» which th<‘ fmgments from these projections 
will fall, so that little or none of the w'a-stc; of these* peaks can be carried 
on the surface of the ice. the whole or ric*arly the \>hoh* of it must find 
its way into the body or down to the bottom of tlie kc*. Vet by some 
remarkable internal movement in the me the detritus is airangc'cl in 
parallel bands, as if it had l>een iiitermittoiiily «lej)o-.itcM| iti that form, 
and these bands are puahc'd Ufiwanl until iheii outcrops rc*aeli the surface 
of the ice, aeros.s which they extend as long lim-s oi ramparts of rubbish. 

Profes.sor Chanihcrlin recognised the foimation of thrust -planes in 
some of the (Greenland glacders, and the riding f«»rwar«l of upper clc*aner 
|)ortions of the ice upon lower parts nc-aily laden with (l('*hris. More 
recently Professors Garwocxl and Gregory have ob.scTved similar facU in 
Spitzlrergen. They explain the introduction of the detritus into the ice 
in the following manner. In a glacier wdii« }i ends in a cliff like face the 
low'er portions, retarded by friction on the floor and Iry the amount of 

* In ISiJy I rtaniiiied a chtrai leriHUc w'cUoit of .u» aiiiu-ul /iK/muir pnjfmdf n^'ar 
Holotlinrn, full of si-ralrlietl stones aaU lying oh the alrialcU jKnetneiit of rock to be 
immetli.ately ilrHcriUjd ao fuitber chararterwtic of ue atUon. It «.lo«i;ly resfinbled th« 
bouUl«r-i-lny of Northern Euroj>e, 

Oarwood and Onjgory, op. cU. p. 20^, 
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detritus frozen into them, are outrun by the upper layers, which 
consequently pi-ojcct as a cornice. From time to time masses of this 
cornice fall oft' arid accumulate in a pile below. If the glacier cannot 
push this pile forward it is forced to overri<le it, and thus what was the 
upper part of the glacier becomes the )»ase. “As the process is 
continuous, the glacier advances by an ovei rolling motion, the top layer 
falling to the bottom ami then working upward over other fallen masses.” 
These authors recognise thi‘ee mechanical proce.sse.s in tin; movement of 
the ice: (1) a simple flow like that of the Swi.s.s glacicr.^J, taking place 
mainly in the upper parts of the ice, which are free from detritus . (2) 
u continual .series of deformations, the leo being criislied ^rid fractnroil 
and thrust forward on shearing- or thrust-planes by the onward pressure 
of the mass of the glacier behind ; (.*1) an overrolling movement where 
the upper layers, moving more lajndly than the lower, break off and 
accumulate as banks of ice block'., winch in the end are re cenientcd and 
driven onward as once more j)arts of the geneial body of the glacier.‘ 

The e.Kplanation licre siimmaii.'.ed would ai’connt for the incorjioration 
of bands of iletntns at (he lower end of an icecap orghnim, where alone 
the ovcri’olling action is possible. It i.'i not ea^y to see how it can be 
applied to the occiirrmice of the moraine-likc ridges on the ice half .i mile 
or more from (he end, unless we could snp[)ose that ihc'.e inland ndges 
belong to an exticmelv lemoto time, when they wen* at the edge of the 
glacier, which has .^ince then advam-ed by a successinn of thrii.^t planes ; nd 
ovenolliiigs to Its present limit More piob.ibly the phenomenon depends 
on some little understood pcculiarUics in the beh.iviour of \reti(‘ ice and 
on the inllueiice of an ii regular tojiogi.ijihv upoh its How ’ 

(2) T\u' manner and icsiilts ot eiosion in the clmniiel of 

a glacier diller from those associated with other geologual .igeiits, and 
form therefore distinguishing featnre.s of u-e aetnm. This eiosimi is 
etl'ecteil partly by the pressiiio ot the ice upon tin' rfx ks, patily by means 
of the fine sand, stones, and blocks of rock th.it fall betwei'ii the ic<* and 
the rocks on which it moves, loi* pressoii against masses of rock which 
have had their joints partly opened by fro.st m.iy dislodge and lemove 
them. Or the ice squeezed into clefts may disiupt the lock.s along its 
side or its bed. An action of this kind, whicli lias been called “plucking, ’ 
seems to take place on the leo side of locky prominences under a glacier.' 
Much more importint, however, is the erosion effected by the sand and 
fragments of stone that tlie ice presses against the rocky surface.s over 
vvliieh it moves. This detritus is, for the most part, fresh and angular. 

* (,>. O'. ,s’ h\. (l.sirs), |ip. -l'O. 

■* Mr. K. 1>. Siili>buiy (tt.) two m-cIkjiis t*\j.l.Tti;it(»i) ol tii' lOiueittlOli ol 

the structure of tlx- ({reenijiuil uliuiers. In the cxm* of a snuill (^ticiei lie .sn|)poves that 
the lajcr.s ol ue ariauf*’ tln-iii'x.'lvt'N in a kisin-sliqu* itli stisp s.iiie\ up whiili the iKbiis* 
l»oariiijf parts come to the mu face, while m a l.u>;e ylaeier he makes two basins witli tlie rock- 
Ittdeu layers rxl^tud up iti .in antuhne aloius' the eeiitiv. 

* G. Steinin.iun, .Ycco ./oAcA. i. p. "Jib; Bultrer, vlrf/uc. S<i. Hiys. Std. 1.S92 , 

XfUsch. pnxkt, (»Vo/. i. (1834), i>. 14 , JhnLtih. .sV/o'voi. SHlurj. xxxih. (Ih98) : (i. E. 
Culver, .A>i/r«. O't’o/. iii. p. 982.; 0. Gunuehu'<, f’etJ. Foivu. SttiUf Im, m. p. 249. 
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Its trituratTon hy the glacier reducea the size of the particles, but retains 
their angular character, so that, as Daubn'C has pointed out, the sand 
that escapes from the end «jf a glacier 
appears iji sharp freshly - broken grains, 
and not us ro\]nded water-worn particles,' 

The earth and statues strewn over the 
surface of a glacier arc fiequently pre- 
cipitated into the cre\ asses, and may thus 
reach the rocky door over which the ice is 
mo\ ing. They likew i^e fall into the narrow 
space ^uhich sometimes intervenes between 
the margin of a glacier and the sale of the 
valley (e in Fig. 1. Held by the ice as 
it creeps along, they are jiressed against the 
rockv sid#'-,vmlbottnm of tlu'v.dlev tiimlv 
.Old ptu'^isleiitly as to dt'seend into each little hollow and mount over each 
ridge, yet all the while moving along stiaubly in one dominant direction 


r i;; l!>'i S«-i '.lull of s Ol.Hi >1 1 Mills 
ro( k) I ligiiiit'l, 

VVitli a lll•‘<ilHl iii<>nim<‘ at tl, ft liin'ial 
iiKiUiiir jifiilh i.n the in- aiiil i>*itly 
slnui'lfl "tl a sloi>ii>;; iloiliMf^ (^), a 
HUS'. I'f links IdDi It hKawtS'll till li ' 
.tiiil Oif pK'i i]>it<iiia riR'ka at <t, uii<l n 
I'loiip of jMi.li(»i| blocks a( (• (.1 n. 
loiUsV 
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with the general nuivennmt of the glat ier. Here and there the lOe, with 
grains of Kind ami pieces of .stone imbedded in its surface, can lye caught 
in the very act of polishing and seming the roeks. In h’ig. l-'iG a view 
‘ olo};>e exjhrira.’ p. 264. 
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is given of the “angle ” on the Mer de Gkce, Chmouni, where^ blocks of 
granite are jammed between the mural edge of the ice and the precipice 
of rock along which it moves, and which is scored and polished in the 
direction of motion of the blocks. Tyndall long ago stated that a glacier 
300 metres thick, allowing 12'20 metres of ice to an ^atmosphere, 
presses with a weight of 486,000 Ihs. on every square yard of its bed,^ 
and with a vertical pressure of this amount it moves down its valley It 
is possible that the erosive power of the ice is assisted by the alternate 
freezing and thawing of the water that flows under the glacier. Minute 
joints and crevices may thus 1x5 widened and the particles of the rock 
may be separated, as thivse of soil and rock are at the surface by frgst.’^ 



Fig. I.')’.— lo'-woiii suilace of rtwk, showniK I'uliih, Stim , (itoovings ami Eiiatii s. SuthertuS. 


Under tlie slow, continuous, and enormously erosive power of a 
glacier, th(‘ most com|)act resisting rocks are ground down, smoothed, 
polished and striated (Fig. 157). The stria* vary from such fine lines as 
may 1x5 made by the smallest gi'ains of quartz up to deep nits and 
grooves. They sometimes cross each other, one set imrtially effacing an 
oWer one, and thus pointing to shiftings in the movement of the ice. 
On the retirement of the glacier, hummocky bosses of rock, having 
smooth undulating forms like dolphins’ backs, are conspicuoua These 
have received the name of fw/tes immtminies. The stones by which this 
scratching and polishing are effected suffer in exactly the same way. 
They are ground down and striated, and since they must move in the 
line of least resistance, or “ end on,” their strisB run in a general sense 
» PhU, Mitg. xxviii. (1864). 

s A. HellaMtl. Cnt. Stodholm, li (1874), pp. 286, 342. 
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lengthwise \Fig. 159). It will be seen, when we come to notice the 
traces of former gkciers, how important is the evidence given by these 
striated stones. 

Besides its proper and chanicteristic rock-erosion, a glacier is aided 
in a singular .way by the eo-ojwration of running water. Among the 
Alps, during day in summer, much ice is melted, 
and the water coui*8es over the glaciers in 
brooks which, as they reach the crevasse.s, 
tumble down in rushing waterfalls, and are 
lost in the depths of the ice. Directed, 
howevoc, by4,he form of the ice-jiassage ag:unst 
the rocky floor of tlic valley, the water descends 
at a particular spot, carrying with it the sand, 
mud and stones which it may hav(‘ swept 
away fnfrn the surface of the glacier. By 
me^ins of these' materials it erodes deep pot- 
holes (moulins) in the solid rock, in which the 
rounded detritus is left as the crovjisse closes 
up or moves dowui the valley. On the ice- 
worn surface of Norway, singular cavities of 
this kind, known as “giants’ kettles” or 
“caldrons” (Kicsentopfe, Kiesenkessel, Fig. 

158), exist in great numbers.’ There can lie 
little doubt that they have had an origin under 

,1 • ■ !• u 1 Mr l.W -Hoctlim of “OiatilB 

the nuissive ice cover which once spread over KHtir. 'n«rChri.ti»,.ia. 
that peninsnla. Similar cavities filled with 

ti*ansj>orted boulders occur in the molasse sandstone near Berne, ami a 
large group of them is now one of the sights of Bucernc. They have 




Fig, l.VJ,— .Stria t«l StoiK' fioiii IJonliU-r-rlaj 

been recognised in North Germany ^ and generally over the glaciatsl 
areas of Europe, As some parts of the firc.eiiland ice-sheet are traversed 
in summer by powerful rivers which are sw'allowed up in the crevasses, 
excavations of the same nature are no floubi also in progress there. 

Since rocks present great diversities of stnicture and hardness, and 

* S. A. Sexe, UnivtrsiL Program. Chrutiania, 1874 ; Brogger ami R*u«ch, Q. f. ii. S. 
XXX. p. 750; W. Uphani, B%Ul. (itd. Boe. Amor. m. (1900), p. 26. 

* Bachmaou, Neue» Jtifirb. 1875, p. 53. 

* Jahrb. Prtim. Landrmntt. 1880, p. 275. 
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consequently vary much in the resistance they olfer to denud^ition, they 
are necessarily worn down iino<jually. The softer, more easily eroded 
portions are scooped out hy the ^^riiiding action of (he ice, and basin- 
shaped or various irre^uilar cavities are dug out below the level of the 
general surfaced Similar effects may he produced by a local augmen- 
tation of the excavating power of a glacier, as where the ice is strangled 
in some narrow part ot a valley, or wlierc, from change in declivity, it is 
allowed to accumulate in greater mass as it moves more slowly onward. 
Such hollows, on the retiiemont of the ice. become receptacles for water, 
and form pools, tarn.s or lakes, unle.s.s, indeed, they chance to have been 
already filled up with glacial rulibish. r 

Among the proofs of great erosion by ice on hard rocky surfaces the 
existence of basins scooped out of the solid rock are perhaps the most 
striking. The stria* and scorings may in such cases be traced down below 
the water at the end of a tarn or lake, and may be found emevging at 
the other end with the .same steady direction a.s on the surrounding 
ground or enclosing valley. In the year 1SG2 the late Sir A. C. Kam.«ay 
drew attention to thi.s peculier power of land-ice, and attirnied that the 
abundance of excavated rock-basins in Northern Kiirope and America was 
due to the fact that these regions had been extensively (‘roded by sheets 
of land-ice, when the more northern }>arts of the two continents weic 
in a condition like that of North Greenland at the present day. This 
explanation has given lise to prohmgeil controversy, many gt'ohgists up 
holding the doctrine of ice-erosion and others as .strenuously denying it. 
Ibuusay may have applied it too widely, but he ha,- the gn at merit of 
having called attention to a wn o/a.su in geology ami of tin owing a new- 
light on the glaciated topography of the northern hemisphere. The origin 
of lake.s will be further con.sidered in Hook VH. 

While the proofs (»f great erosion by land- ice are iiidispuUble, 
many instances have now }>eon collected where glacier, s have over- 
ridden moraines, gravol-heds or other .soft material, and have moved 
across them for {.wrhaps long periods without removing them. Jn 
Greenland, as al)o\e stat«‘d, it has been observed that tlie layers of (b'diris- 
laden iee at the bottom of a glacier bond upward against the liank of 
rubbish thrown down in front, which in many eases docs not seem to 
have been pushed forward or disturbed for some considerable time.- It 
is obvious that in such places the ice has at present no marked, or at 
least raiiid, erosive |K)wer. 

Undoubtedly the most obvious proof of the erosion effected by glaeieis 
is'llo l>e found in the vast amount of mud which diseolonrs the water that 
©scapes from their lower ends. This sediment, unlike tliat of ordinary 

' See tlie remarks .tlready iii.ule (p. 45S) on the |)ossiliihty of tlie rottinj: out of hasiii- 
shapeU reoepUiele.s in solid rock through the operations of >ujierh( lal weatlierinj^ — a process 
which ni.sy account for many rotk-l>a.sins tJial have subsequently liad tlieir deooni})osed rock 
awept out of them hy ice. 

® For a atrlkiiift example of the way in which a glacier may sjiread os-er dei)Ofiils of 
gravel, see the plate accompanying Mr. II. I‘. Cushing’s paper on the Muir Glacier of Alaska, 
Amerhin 1891. 
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rfvers, wWch become swollen and muddy according to the weather or tlu* 
season, is always cons])icuou.s, and proves that the ice is constantly cna'p* 
ing dowMwanl and in so doing is wearing down the rocks o\cr whicli it 
{.Kisses. It is not so eahV. huweier, as in the ca.se of ‘n\ers to measure 
the amount gf this glacial mud and to form an ap])ro\inute idea of the 
.imount and rale of the erosion Various measurements and estimates 
have been made of tliis pro{)ortion of .sediment and of the \olumc ol 
water discharged by various glaciers. 

Fitiiii the *‘tvl of fill' x\.o olaruT 'wlm h v itli its ullliUMils (om]inti‘<i in h i\ r .m 
iiO'A of HO sijUiiii' kiloiiii ties. lOiii is tht'o-foO' to no nii’niis oiii' of tlir l.o^'i sf hi .S\\ it, I'l 
land iV lias l^'i'ii fstiin.iti'd that thcic isc.ijio rvery dai in tlie nioiUli ol .tii^iisl 1 \mi 
iiiilhoii I'liliic inctiis ;|4u million jrillous' ofwatn. coiitMimng kilooi.oiiincs 

( 'J''0 tons'! of sand ‘I'ln' amount ol liiif sand dis»'li.u^<‘d fiom tin* im Itiii^ I'lai ici into 
the fjoid of Isoitok, (iii'i'iil.ind, is I'stiniatpi! at lOH'J million kllo^^mmim-s ]n i dav,‘ Ml. 
\ llidlaiid Ii.is (oniputMl tliat fioin tlm Jiisti'dal glarirr, Noiway, on*' million kilo 
piainnii'.s of srduni iit aic disilnuj^ed in a .Inly day, and lli.il tin* total anmial disrli.ir^o 
troMi till' K'O fit'ld. S tO .M|n.ni' mih'S in an-a, .iniounts to ISti millions of kilo^rrainmcs, 
hcsnli's l.'t million kiloj;iamnu's of iiiimr.il matter in solntmn Taking; tin' sja-'ilir 
^'rav ity of till' siisiH'ink'd m.ittt i at tl H, he linds that tin' Imsin ol tin' ohn'n i loses H!' 0(10 
cnhii' niclU'S of solid io<k e\ei\ year, ot .i i iilm' mass measniiiio 1! unties on (he sidi •' 
Aniotio the Moitl HI, me ^loiip o| )fU<'ii‘is, I’rolessoi Itiipan lound that at the hej.fiiiniii)^ 
of Aiij^iist IMM), (he w.it' i liom the Arj^nnlierc f^hii’inr cont.iiin'd ginmmi's of sedi- 
iiinnt Ml '■\er} • iihn metre of waU-i. and .»t the same tiiin in I'toi. 1 (O gi.imnies The 
water 1 lorn the NHi dt tihnp .it the tii't date eontaiin'd IMt and at lln-.seeond tfci 
ofanimes In thit fiom th e Hossoiis the •|iiantities weie ‘J2''7 and .’CJ.'i ' The liman 
i|iiaiility lioin se\t II Xoniej'i.m lUers was louinl to hi 1 Is oi.mmies in the i iihie met le 
of w.ilor . Iioin till (iiieiihiid ul.n lers H.tt ;:i.'uiimes . liom the hehindie i;laen*is ll7r> 
gratiiliies ^ Ml 1’ \ Ou 1 ) h.i , t stimuli <1 in inn lofMilliiiietie'. the aiitin.vl nonnal eiosnni 

of till h.isiiisi.t l.iUi 110| t hel 11 ol.i, K I s ,is follows '' 


I( eland, Vatiiafoknl (it7 

Noiwav, .losted.ilsl.rae 71* 

Hardanoei j.,knl Cdi 

( ’iildhotind 'li 


(3) Ih'ptKltlnn nf It Is (ihviOllS tllllt .'IS hllld K’o Is ;i 

jK)werful agent in tlm transport of tuck dduis, it mu.st pl.i\ an im]iottanl 
part in th(‘ liistribiition of detiitus fiom high to low ground While 
rivers ai'c limited in their carrying jiower hy their own \elority and the 
siite of the material.s with which they have to deal, glacieis have no 
.similar limitation. riioiigh they mav mo\e slowly, they are cajialde of 
conveying the most oig.mtu masses of rock foi long dist.mces, and leaving 
thetii iti {daces huiidretls or ihousand.s ol feet helow their jioiiits of 
departure, Moreo\er, w hile rivers are always earrying then Imidcii tif 
detritus in a downward direction, glaciers sometimes elimh sloj^es and 
push U{i their moraines and Ifoulders l,o (onsideiable heights. 

When from any cause a glacier diminishes in size, it may droji its 


’ ‘ Mi*d<l< lelw-r mil (io'iiliiitd, \'tl ii 
- (>>>>/, Forfii. S'lnUiohn, 1^74, N<> ‘Zl, H.iixl ii- Ne7. 

* Arrhir. Stf. /’/ff/.'. >Ve/„ (Jpin'iii, Axvi. (TShl), |i, fi'i). 

* A Hell’‘nd. "/<. tnjira rit. , Sift. Arthtr. Sntur. i. , Arclm’. MnUt Aafur 1^82. 

, ^ AV. 1892, xxxMi. (1900), p. 112, 
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blocks upon the sides of its valley, and leave them there, som^^fcimes in 
the most threatening positions. Such stranded stones are known as 
perched blocks. Those of each valley belong to the rocks of that valley ; 
and if there Iw any difference l)etwcen the rocks on the two sides, the 
perched blocks, carried far down from their sources, still point to that 
difference, for they remain on their own original side. But during a 
former great extension of the glaciers of the northern hemisphere, blocks 
of rock have been carried out of their native valleys, across plains, valleys, 
and even considerable ranges of hills. 



FIk - I’idrrc a Hut— a Kianitp Ulm k from Ui<* Mont Ulain.’ raii({«), stiamled RlxiM-JNcnfcliftlel 
(J. I). Kotln-s) 

Such “erratics” (Fimllin^'o) not only ahonnd in the Swiss valleys, hut eioss the 
great i>lain of Switzoiluml, ami appear in numhui‘< high upon the flunks of the Jura. 
Since tlio latter mouutain.s consist ('liielly ol liinestono. ami the lilocks me of vaiious 
cryatallino looks belonging to the higher pails of the Alps, the proof of tiaiispoit is 
irrefragable Thonsamls of them form a gieat belt of honhleis extending (oi miles at an 
average height of 800 feet almvo the Like of Neulchatel (Fig. ICO). These consist of 
the protogino granite of the Mont Blanc gionp of mountains, and must lia\e travelleii 



PiK- till,— Angular erratic Itidck on the north .side ol the Alid dl l‘m\olla, I.ake ol Como (H.). 

at least 60 or 70 miles. One of the most noted of them, the Pierre k Bot (toad-.stonc), 
which lies about two miles west of Neufchatel, measures f>0 (Freneh) feet in length by 
20 fti width and 40 in height. It is estimated to contain 40,000 cubic feet, and to 
weigh alnuit 8000 tons.* The celebrated "blocks of Monthey ’’ consist of huge masses 
of granite, disposed in a belt, which extends for miles along the mountain slopes of the 
left bank of tlie Rhone, near its union with the Lake of Geneva. On the southern side 
of the Alps, similar evidence of the transport of blocks from the central mountains is to 
be found. On the Hanks of the limestone heights on the farther side of the Lake of 
Como, blocks of granite, gneiss and other ciystalliiie rocks lie scattered about in 
hundreds. 


* Forbe^ ‘Travels iii the Ali»,’ p. 49 . 
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Before th# numerous facts had been coUeeted and understood whivdi prove a former 
great augmentation in the sixe of the Alpine glaciers, it was believed by many geolc^ista 
that the erratics stranded along the flanks of the Jura Mountains had been transiKirted 
on floating ice, and that Central Kurop was then in great jmrt sultinergwl l)eneath an 



Ptg. leS.-- Section to show the extension of the Alimie Glaciers (n) »oro<s the Plslii of Switrerliinl, 
0 ^ and ttie traiiN]ii>rt of hlix^ks to tlie sides of tin- .lura (w) (ft ) 


icy sea. It is now universally admitted, howevei, that tin- tiansport lias Is cn entimly 
the work of glaciers. Instead of being eontined, as at puseut, to llie biglur jiarts of 
their valleys, the glaciers extended down into the plains. As already sUtid. they filled 
the great tfepression between the Olierland and the Jura, and, rising liigli upon the tlaiika 
of the latter chain, actually overrfxle some of its iidges (Kig. 1152). Similar eiuleiiee in 
the hilly parts of Britain, a.s well as in other jiait.s of Kuio]ie and America, no longer the 
abode of glaciers, shows that a gicat extension of 
8 U 0 W and ice at a recent geological periinl prevailed 
in the northern hemisphere, as will be dcMubisi 
in the acoouiit of the Glacial )»enod in Book \ I. 

As De la Beche has well jKiintetl out, the student 
must lie on his guaid lest he lie led to mistake foi 
true erratics men* we-atherod blocks Wlongnig to 
a rock that has disintegrated in silv. If, for 
example, ho should encounter a hlock like that 
represenli'd in Kig Idit, lie would projieily conclude 
that it had travelled, Ix'i'anse it did not ladong to the lock on which it lit\. But lie 
would reijuire to jirovo further that theie was no riK'k in tin* imimsiiate neighbourhood 
from which it could ha\e fallen a.s the imilt of mere weathering. Tlx* granite (c) 
shown in Fig. liU disiiitegiatcs at the biimiiiit, and the bloiks into which it splits 
find their way liy gravitation down the slop* ' 


Pig IW.— OniiiU (r) ilecoinposiiig into lilocki (a), wfucli gradually roll riowii ujxin the 
Hurrouiidlng atratiflisl rocks (li.). 

The moraine.s shed from the sides and ends of glaciers in the valleys 
remain as enduring memorials of the former presence of the ice. These 

’ De la Beche, ‘Geological Olrserxer,’ p. 257. Tin* aurfaee of some parta of the granite 
districts of Cornwall is strewn with large boulders of granite, scliorl-rock, vein quartt, Ac. ; 
but these, though resembling erratics iii form, are all due to decomposition of the parent rocks 
in $Uv. 
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heaps of debris may he seen running along the sides of a valfey, where 
they mark the margin of the ancient glacier, and also arranged in crescent- 
shape across the Valley, as they were thrown down from the melting front 
of the icc. Not irifrecjuently a succession of such ridges may be traced up 
a valley, marking successive pauses with intervals of more rapid shrinkage 
of the ice. Occasionally lakes of water are still pontled back by these 
moraines ; more frequently the harrier of detritus has been cut through 
by the esca])ing stream, and an alluvial plain or peat-laig may mark when 
the lake once lay. 

Much more extensive must be the sheet of detritus left by the melting 
and disappearance of a plateau-glacier or ice cap. Observations of the low 
ground from which the arctic icc has retreated show it to bo strewn with 
earth and stones remarkably like the houhler-clay and “ glacial drift ’* 
which coV(!r .so much of Northern Kiu'ope and Ameiica. (Hook VI. Part 
V. Sect, i. 2.) IVofcssors (5arwoo<l and Oregory found on thv^ broad 
plain of the Booming (llacier, Spitzbergen, .some s(juare mile.s of a tough 
mud, with scratched bouhlers and pebbles, which only needed to be dried 
to fornj a perb'ct bouhh'r-clay. This deposit had not been laid down as 
a moraine at the end of the glacier, but represented the detritus once 
enclosed in the ice and dropped when the ice melted and retreated to its 
present 1imit.s,^ 

6. (Iceanic Waters. 

The area, depth, teinperature, <lensity and cojiipo.sition of the sea 
having b(‘en already treated of (Hook II.), w’c have now to con.sider its 
place aiiKUig the dynamical agents iii geology. In this relation it may be 
studied under twoaspects. 1st, its movements, and :2nil, it.s geological work. 

I. Movements. — (1) TtdeC'- The.se oscillations of the mass of the 
oceanic waiters, caused by the attraction of the .sun and moon, reijuire 
notice here only as n'gards their geological bearings. They are scarcely per- 
ceptilile in <‘nclosed seas, such as the Mediterranean and Black Seas, which 
are commonly spoken of as ti(lele.s.s. In .strictne.vs, liow'ever, a feeble but 
(juite recognisable tide may be observed in the Mediterranean. On the 
coast of the Alpes Maritimes it has a mean rise of G to 8 inches, the lea.st 
rise being I ami the highest not exceeding 10 inche.s. The Mediterranean 
tides are most strongly devehiped in the Hay of Oihraltar (where they rise 
from o b'ot to G fer’t 15 inches), the upper Adriatic, ami the Oulf of (Jahes. 
At Hrimiisi the rise is 8 iiu'he.s, at Ancona 1 foot 4 inches, at Venice 1 
foot 8 inches, and at Trieste 2 feet 4 inches. With a rise of the 
biA’oiiieter the level of the water falls sometimes a fourth lower than the 
limit of the normal ehh. Uhservations at Nic“, Monaco, Pannes, and 
other places show that fnmi atmospheric disturbances the level of the 
sea may he low^ered as much as 1 b)ot 8 inches.'* 

‘ 0- I'v. (1898), p. 209. 

- See 'The Tule-^ luuj Kindred Fhenouieim \n the Sy'-teni.’ by Profewor G. H. 
Darwin, 1898, i*ji. win. 342. 

■' Httscliert. Ikutsdie RundM-Jian far Ofogrttphie^ July 1887. />('//. Anter, (Jtngraph. 
Six. \ix. (1887), p. 311. J, de PnUigny, .dwoc, Frm\^. 1891, li. p. 2^. 
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In a wide, ileep <K’oan, the tidal undulation prolwhly producer no ])er- 
ceptible {geological change. It passes at a great specal ; in tlio Atluntic, 
its rate ia TiOO geographic.d miles an hour. Ihit as ilii.s merely the 
passing of an oscillation whereby the panicles of water are gently raided 
up and let down ag.iin, there can hardly be any appteeialtle etlVct upon 
the deep ocean-bottom. When, howexer, the tidal wa\e enters a narrow 
and shallow .sea, it has to accommmlate it-jelf to a .smaller ehaiim*!, and 
encountei's more and more the friction of the bottom, lienee, while its 
rate of motion is diminished, its height and force an* increased. It is in 
shallow* water, and along the shoies of the land, that the tides ae<|nire 
tlo'ir* main geological impoit.ince 'Fhey then* .show themsel\t'.s in an 
alternate adxaiier iijion and n'treat from the coast, 'riieii upper limit 
has received the name of /07.V" 'A? urnL, thfit lower that of h>i< wntn 


<■ 
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tile littoral .sp;n e hetwecn homg t<‘rmed the (I’lg. I (».'») If 

the coast is jjiei ipiluUs, a heaeh e.in only oteiir in shehiiig lia) s am! 
eieeks, since < hew h<*re tin* tales will ii-e and fall aizainst a f.u o of nxk, 
as tliov’ do on tiie pieis of .1 poi ( ( >n sut h locky Miast', the line of 

high-waler is soiuet lint's atlniu.dily ih tmed hy the gtey enist of liai iiaeh's 
adhering to the loiks. Seaweeds likewise intin.ite the limits of tilt' 
beach, tlu' huge lamiii.uian foi m.s iii.ii king 1 In* line ol htw watei When; 

the ht'aeh is H.it, ami the lise .ind full ot tin* tide gieat, many .stinare 

miles ttf saml 01 mud may he l.od haie in one l>ay at low w.il<‘i. 

'I’he height of the tide \,ines fiom /ent uj> t<i (>() ov 70 feet ' It 
is gieatest wheie. fiom the form o( the lainl, the tid.il wa\e n cooped 
Up within a natrow inlet or eslu.uv I mlei snt h eiienmst.meen the 

adxaneing tide sometimes g.itheis itself into om' 01 mon* larie wave-, 

ami nislies furiously uj> hetween the converging shoii's 'I'his is the 
origin of the “ hure ’ of tin*. St'vein. wlmh ines .t<) a in ighl oi K ieet, 
while the rise and fall t>f the tide at Cln-psiow amount^ to a m:i\innim 
of aU feet.- In like manimr, the tides which entei tin* l>av of Knnoly, 
lietween Nova Scotia and New lirunswiek. are mon- and inoie cooped up 
and rise higher as they a.sceml that >tiail, till they leaeii a height of 70 

'■ A (’oniiijin.i' W!is .ii-jiMmli.l li_\ 0 ,i Hnt.Oi A'.s.h i.ition ti. iiiVfcai!.Ml. On- 1-1111 n| 
wiml .'ind j.MsMU.- -m On- tnle-' O' tT't n [.oil :i|.i.eiirol i.i lla- \<.hiiiii' fi.t 

Kstai, ]>]) TiOtt 5 -tj. 

- Oil On- 1.00 of til.- S-oin. s,-,. V ( ooii-ii. Xoiv,., I\ii (lUO'o, p l‘Jt, , 

Jon, It 190t!, p . <■ T Wlatm. 11. ,Vo/«/^', I'X ili'OJ), p .it 1 , K \V l‘o-o>a, r.// ,,f, 
j.p. 366, 39-2. 
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feet* The bore on the Tsien-Tang Kiang, 70 miles from Shanghai, rushes^ 
up the estuary as a huge breaker 20 feet or more in height, with a loud 
roar and a speed of sometimes eight knots an hour.- 



FiK. 10rt. — Kffecl of coiiverKiitK nhore-H upon the Tidal Wave (JL). 

The Udnl uuv'e, riiiiniiiK up In the directiMii of the arrowa, naea aucceaaively Iii^her at a, 0, and c to d, 
after whieh it alackeiia and diea away at the upiier limit of lidt-a, /. 


While the tidal swelling is incrwised in height by the shallowness 
and convergence of the shores between which it movc.s, it gains at the 
same time force and rapitlity. No longer u mere oscillation or pulsiition 
of the great ocean, the tide acquires a true movement of translation, and 
gives rise to currents which rush past hcitdlands and through narrows in 
powerful streams and eddies. 

Till! rocky and intricate navigation of the west of Scotland and Scanilinavia riiniislies 
many adnuralilo illustrations of the lapidity of these tidal currents. The f.iiiioii^ whirl- 
jK)ol of Oorryvrockaii, the lurking eddiea in the Kyles of Skye, the hreakcra at the Boro 
of Duneanahy, and the tunuiltuouH tideway, gninly iianietl hy the northeui lisliernien 
“The Meiry Men of Mey,” in the I’eiitland Firth, hear witness to the strength of these 
»ea-riverH. \t the last-inentioiied strait, the < urrent or “ luco" at its strongest nuis at 
the rate of 10 miles an hour, whnh is fully tlnee times the sjaa'd of most of our largo 
rivers. 

(2) (hinmU — Mcxlcrn researches in ocean-temperature have disclosed 
the ninarkable fact that, beneath tho surface-layer of water affected by 
the temj>eFJituro of the latitude, there lies a vast mass of cold water, the 
lK)ttom-temperature of every ocean in free cominunicatiou with the poles 
l)cing little aUive, ami sometimes actually below, the free/.ing-jioint of 
fresh water.^ In the North Atlantic, a temperature of 40*^ Fahr. is 
reached at an average depth of about fathoms, all beneath that depth 

* boo J. W. Daw-on on the tnhs of the gulf niid iner of St. I.awnuice and Bay of 
Rjndy, Niiiuiv, K. (IS'JO), j>. 291 (-ce p. Ittl) ; W. 11. Wheeler, oy. iU. p. 4t)l. 

' Keport to the .\ihniriiUy hy Coiiinuuuler .Nhwire, 11. N.. 1888. 

•' See, m puitieular, memoirs hy ('nrj)«nU*r and Wwille Tlioiiisoii, I'loc. Jioi/. S(>r. xvii. 
(181)8) ; lint, .-t.woi*. xli. ('/ sfif. ; I’roe, Jtotf. Hftiymp/t. Nv. \v. Kejiorts to tlie Admiralty 
of the VhalUmjcr Kxploriug Exi»edition. Wyville Thomson's ‘Deptli.s of the Sea,’ 1873, 
and ' Atlantic,’ 1877. Narrative volume of Cknllemjer Hep^^rt. I*riiice of Monaco. Brit. 
Jawf. 1892. Sir J, Murray, ‘‘Du the Annual Range of Temperature m the Surface of the 
Ocean and its Relation to other Oeeanograpliical Phenomena,” Ueofjraph. Jmrn, xii. (1898), 
pp. 113- 137 ; “On the Temiwrature ot the Floor of the Ocean and of the Surface-waters of 
the Ocean,” op. at. xi\. (1899), pp. 34-51. 
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being pibgreasively colder. In the equatorial parts of that ocean, the 
same temperature comes to within 300 fathoms of tlio surfjui*. In the 
South Atlantic, off Cape of Good Hope, the imiss of cold water (l)elow 
40°) rises likewise to about 300 fathoms from the surface. This 
distributioi^ of temperature proves that there must he a transference of 
cold ^>olar water towards the equator ; for in the first place, the tenijM'ra- 
ture of the great mass of the ocojin is much hiwer than that wliich is 
normal to eJich latitmle, and in the second place, it is much lower than 
that of the superficial pints of the earth’s crust underneath. On the 
other hand, the movement of water from the poles to the txjualor requires 
a reWirn movement of compensation from the e(juator to the )>olea, and 
this must take place in the superficial strata of the ocean. Apart there- 
fore from those rapid river like. streams which tniier.'ic tlie ocejin, and 
to which the name of Currents is given, tliere must be a geneiiil drift of 
warm surface-water toward.H the })ole.s. 'I'his is doubtless most niarke<lly 
the case in the North Atlantic, wliere, W.sides the eniTent (»f the Onlf 
Stream, there is a prevalent set of the surface wateis towanls tlwf north- 
east. As the distribution of life over tlioglolu* is everywhere so de|K!nd- 
ent upon temperature, it Ijecoines of tlie liighest nitcMest to know 
that a truly arctic submarine climate exists every wliere in the deejicr 
parts of the sea. With such uniformity of Uunperature, we may antici- 
pate that the abysmal fauna will be found to possess a corresponding 
samenes.s of cliaracter, and that arctic types may be met with even on 
the occan-bed at the eijuator. 

Hut besides this general drift or set, a leading pait in (x'eanic 
circulation is taken by the more defined eurrents. The tidal wave 
only becomes one of translation as it pjtsses into .shallow water, and 
is thus of merely local consequence. Hut a vast iKsiy of waUrr, known 
as the h^iuatonal ('urrent, moves in a general westerly direction round 
the globe. Owing to the way in which the continentH cross its jiath, 
this current is siiliject to considerable detleetions. Tims, that })ortion 
which crosses the Atlantic from the Afriwin side strikes against the 
mass of South America, and divides -one jsirtion turning tow'ards the 
south and skirting the shore.s of Hrazil , the other bending north west- 
wanl into the Oulf of Mexico, and issuing thence as the well known 
Gulf Stream. This e<inatorial water is coiiijiaratively warm and light. 
At the same time, the he.avier and colder polar water moves towards 
the equator, .sometimes in surface ciureiitH like tliose which skirt the 
eastern ami western shores of (irceidaiid, l»nt nioie generally as a cold 
under-current which creeps over the floor of the oc<;an even as far asithe 
equator. 

A large Iwaly of information has now been gathered as to the great 
marine currents which traveiwe the up|M'r parts of the ocean, but 
comparatively little is yet known of the velocity of the movement of 
the water at great depths Where the lK»tU)m is covered with a deep 
fine ooze we may infer that the raU‘ of movement rnu.st lie so feiddo as 
not to disturb the deiKisition of the finest sediment. Where, on the 
other hand, “ hard -bottom” is found, we may probably conclude that 
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a sufficiently strong current flows there to prevent the adfcumulation 
of sediment, for all over the ocean there is enough of organic and 
inorganic particles diffused through the water to form a deposit on the 
floor if the conditions are favourable. A few observations have been 
m;uie showing that at considerable depths among siibmai’ine i*idges oi’ 
islands strong currents exist. At a depth of .‘5000 feet near (Gibraltar the 
telegraph cable from Falmouth wa.s ground like the edge of a razor ; and 
the scoui'ing elFects of strong currents have been noted at dej)ths of GOOO 
feet be.tween the ('anary Islands.' 

Much discussion has .uisen iii recent years as to the cause of oceanic 
circulation. Two rival theories have been given. Accordi.'ig to„one of 
these, the circulation entirely arises from that of the :iir. dlio trade 
winds, blowing from either side of tip' equator, diive the water before 
them untd the north east and soutli-east currents unite in equatorial 
latitudes into one broad wcsterly-How'ing current. Owing to the foi ru of 
th(' land, portions of this main eiirreiit are detlectod into temperate 
latitmh's, ami, as a eonsequenee, an e(ini valent bulk of polar nater 
re(|uire.s to move towards the e(]uator to le^titie the equilibrium 
According to the other view, the cut rents arise from ditl'erences of 
temperature (ami according to .some, of salinity also), the warm ami 
liglit eiiiiatonal water stands at a higher level than tlie colder ami 
heavier polar ^vater ; tin* hn'mer, therefore, fh)ws down a.s it were j)ole- 
w'ai'ds, whih' the latter moves as a bottom -inflow Uovanls tin; etpiator ; 
the cold bottom-water umler the tro|)ics shovlv .is<'en(!s to tht' wanncj' 
U[)per layers, and li.ses in te.mpoiature towards tin' siitface, whence it 
(liifts away as waim water towards the pole, ami, on ladiig cooled dow’ii 
there, descends and begins another jimrney to tlie eiju.itoi Tliere ean 
lie no (luul)t that the winds are diiectly the eaiise of such ciinents as the 
(lulf Stream, and therefore, imlirectly, of return cohi eurreiits from the 
polar regions. It seems hardly less eeit.iin that, to some extent .it least, 
differences of tcmpciatiire, ami theicfori' of density, must occasion 
movements in the mass of the oceanic waters.-’ 

.'\part from disputed (|uesiioiis in physics, tin* mam tacts for the 

geological reader to grasp are- -that a system of eiieulalion c\i.sts in the 

ocean; th.it warm currents movi* rouml the eijuatoiial regions, ami are 
turned now to the one .side, now' to (he other, liv tlie foim of the 
continents along and around which they .sweep ; that cold currents set 
in from jxdes to equator; and that, ajvirt from actual currents, theie is 
an extremely slow “creep " of the polar water, umler tin* warmer upper 
havers, to the cipiator, 

’ T. .M. Hfiult:. I'hil. Mitij. \\v. (ISSS:, |». Some ol tte “.snli <n'c.iiiii i ’’ 

fiKtiiifuUi'tl tty l>i. .Joliii Mill)*' 111 Uh' |>a]HT oitvd -m (>. Ui.S .nit* jiot 

Ity llie action of Micti currents. 

* I’lie stuiK-iit n!!i> consult Miinij'-. ‘Plosical (u‘o;^i(i|>liv of tin* Sc.\,’ but iiutU' {wu- 
ticularly Dr. Carfu-ntcrN paiH-rs in tin- »/' //.,- lor ]cS61)-7il, and 

Jmtnial of thf lU»jat Socu-li/ for lt<71-77, on the -.ide of tcnipciatiiie ; and 

Herscbel''! 'i’lijsical (leograpli y, ' and ('rolls ‘Cliiiiatc and Time,’ on the Mde of the 
wind''. 
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(3) and Gmund-Surli — A gentle ll»rei*ze curls into nj»j)les the 

surfiice of water o\ or which it hlow's. A strong gale or furious storm 
raises the surface into waves. The agimtion of the watei- in .i storm is 
prolonged to a great <lihtance heyoncl the area of the original (hstuih 
anee, and then lakes the torm »‘f the long hea\ing nndulation termeil 
Gmnid-.'^uylL \Va^es which Ineak upon the land <tr sunkt'ii rocks are 
called and the same name is applierl to the gionnd sw'ell as it 

Imrsts into foam and spiay upon submarine reels am! siioals. 'I'he 
concussion of ea!th(|uakes sometimes gl^e^ use to \eiy (h'astrous ocean- 
wax t‘s (p. .'57 b}. 

Tly lu'i^lit and foice of waxes il<‘pend upon the snengtii and con 
linuance of tlie wind, tlm bri'.ulth and d«‘pth ol sea .iml height of the 
tides (in tid.il seas), and on the foi m and dnectioii of the coast line The 
longc!’ llie '■ b'lch, ’ .md the ilca'pc i the watm, tin' hmher tin* w.ixes A 
t'oasl dii^'ctly facing the pievalenl wind will haxc' laiger w.ixes than a 
iieighliouring .shoie which pre.seiils itself at an angle to tlie wind c.i lieiids 
round so as t<i form a iceshore 'I'lic highest waves in the ii.tiiow lintish 
•soas piolcablx nexer exceed la or ’JO bet. and usii.iUy j.ili short ot llmt 
amount The ineie.ise ot ilieir noimal Iniglit bx tlie elleel of gales 
xanc's from .5 to 1 leet, but umlc-i exception. d uuiditioiis may ime to 
b or even 7 feel ‘ Tin' gieatest height c)l»sei\ed bv Scoie.sliy .iiiiong tlie 
All.inlic w.ixi's was {['> feet - 

( ifoiind s\\ el! piopag.-iti'd aeio's a Inoad .uid (b'ej) oieaii produces liy 
far the most inipo>nig bie.ikei.s So loieg as the walei leinunis deep and 
no wiinl blows, lilt* only liace of the jtassing gtonnd swi'll on tiie open 
sea is tile huge btoad in'axing of the suif.ne. lJut whcie tin- water 
shallows, the sujieilicial ))ait "t tlie s\>t.lh tiaxelling fasti'i than the 
lowei, xvhuh encounters the hielic»n c>f the bottom, begins to einl .md 
crest as a huge billow or xx'.dl of w.itei, ih.il Im.dly buists ag.un.sl the 
sliore Siicli liillow.'., c-xen when no wind is Idowing, olteii cover the 
eiitfs of the noitb of Scotland with sIim-Is ol w.Uc'r and foam iij) to 
heights of loo Ol exen nearly joo tect hnimgiioith wcsiijly gales, 
the, xvmdows ol the iMinnel Head bghtlioiise, at a In ight of npwaicisof 
300 lent aboxe liigh-w.itei m.iik, aic- s.nd tet be sometimes broken l»y 
st ernes swept up the elitls b\ the sbeet.s of seaw.iti'i wlin li tln*n deluge 
the building. 

A single lollei cef tile ground .swi 11 ‘JO feet high bills, .ueouling Ol 
Mi. Scott liii'sc-ll, with a jacssnic ot about .i tem on <\civ sijuaic foot. 
The laic Mr. d'homas Sle\ensc>n coinlmted a senes of measiircmonts of 
the lone of tin* lue.ikei.s on the Atlaiitie am! .Noilli Sea i o.i.st,s of 
Britain Tlie .ixei.ige foree in suinmei xxas found in tin* Ail.intie to 
lie till ]b. pel .scpiare foot, while m the xvinter it xvas JilMJ lb , or 
mote than three limes as gieat, (hi sevcial oecasions, both in the 
Atlantic and North Sea, the winUu’ bieakers xvere found to exert a 
pressure of three toms per njuare foot, and at Dunbar as rnueb ms time 

‘ \V. li WlniliT. Jh't. aii't Kc^|rtjit of (Xniinull*-* , IHtitt 

' Ilnf. Js<si-t. Ill ft. l.Sfif). ]i ‘2i> ; sfi- .ilso V. Concoli, nji. ii( tMCJ, }> iJW. A 1 tli!. ..f 
ohscrv'eil h<;.gbts c.f wion loinij Itntaiii is givi-n lu T SU-oum.ii .* ‘ HaiUawK, ' p JO. 
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tons and a half.' Besides fhe waves produced by ordinary wind action, 
others of an extraordinary size and destructive power are occasionally 
caused by local atmospheric disturbances. Such are probably the raz de 
marie of thc French coast, which occasionally rise to a height of several 
feet, and, where the shores converge inland, do considerable damage. 
Still more serious are the effects of a violent cyclone -storm. The mere 
diminution of atmospheric pressure in a cyclone must tend to raise the 
level of the ocean within the cyclone limits. But the further furious 
spiral in-rushing of the air towards the centre of the low-pressure area 
drives the sea onward, and gives rise to a wave or succession of waves 
having great destructive power. Thus, on 5th October 1864, during a 
groat cyclone which passed over Calcutta, the sea rose in some* places 
24 feet, and swept everything before it with irresistible force, drowning 
upwards of 48,000 people. 

Besides the height and force of waves, it is important to know 
the depth to which the sea is affected by such superficial movements. 
Sir. O. Airy states that ground-swell may break in 100 fathoms water. - 
It is common to find boulders and shingle disturbed at a depth of 10 
fathoms, and even driven from that depth to the shore, and waves ma^■ 
be noticed to become muddy from the working-np of the silt at the 
bottom, where they have reached water of 7 or 8 fathoms in depth. ^ 
In the English Channel coarse sediment is disturbed at depths of 30 
or more fathoms. It is stated by Delesse that engineering operations 
have shown submarine constructions to be scarcely disturbed at a 
greater depth than 5 metres (16-4 feet) in the Mediterranean and 8 
metres (20*24 feet) in the Atlantic.® In the Bay of Gascony, the depth 
at which the sea breaks and is effective in the transport of sand along 
the bottom, is said to vary from scarcely 3 metres in ordinary weather 
to 6 metres in stormy weather, and only exceeds 10 metres (.32*8 feet) 
in groat hurricanes. According to Commander C’ialdi, the movement of 
w'aves may disturb fine sand on the bottom at a depth of 40 metres (131 
feet) in the English Channel, 50 metres (164 feet) in the Mediterranean, 
and 200 metres (656 feet) in the ocean.® Off the Florida coast the dis- 
turbing action of the waves is believed to cease below 100 fathoms.^ As 
above remarked, the probable influence of currents has been detected at 
much greater depths. 

(4) Icf> OH the Sea . — In this place may be most conveniently noticed 
the origin and movements of the ice which in circumjwlar latitudes 

* * T. Stevenv)!!, Trans. Roy. Riv. Edm. xvi. p. 'i.'t ; tiealist* on ‘Hnrhours,’ p. 42. 

^ Encj/i'fopedia Mttropolxtnna, art. tJentU* nio\t;ment of the bottom water 

ia said to laj sometimes indicated by ripule-nmrk'. on the title sand of tlie sea-floor at a 
depth of 600 feet. 

•' T. Stevenson’s ’ Harbours,’ p. 15. 

* A. R. Hunt, Proc. Roy, Dublin iv. (1884), p. 285. For further information on 
this subject, see postta, pp. 576, 581. 582. 

* ' Lithologie des Mers de France’ (1872), p. 110. 

* Quoted by Delease, op. ciL p. 111. 

^ A. Agaasit, Amer, Acad. xii. (1882), p. 108. 
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coven thi sea. This ice U derived from two lourcee — a, the freezing of 
the sea itself, and ft the seawani prolongation of land-ice. ‘ 

a. Three chief types of seii-ice have l>een observed, (a) In the 
Arctic sounds and Imys, the littoral waters freeze along the .shores, and 
form a cake pf ice which, upborne by the tide and adhering to the land, 
is thickened by successive additions below, as well as by snow above, 
until it forms a shelf of ice 120 to 130 feet broad, and 20 to 30 feet high. 
This .shelf, known as the Ice foot, serves as a platform on which tb« 
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abundant delfu.s, loosened l>y tlie se\ei(' ot ,in .trctic wintei, gitthcrs 

at the foot of the clitls. It is ni<»n* oi Ics*. completely broken uj) in 
summer, but forms again Mith the fiuly frosts of the ensuing :intnmn. 
(6) The surface of the open f.cu likewiif- freezes over into a contmuoiiK 
solid sheet, wliieli, when undisturbed, becomes in the aiciic regions 
about eight feet thick, Imt which in suniinei breaks up into .separate 
masses, sometimes of large e\tent, and is apt to be piletl u)) into hug^*. 
irregular heaps (Fig. 1G7). This i.s what navigators term Floe ice, and 
the separate floating cakes are known as ffitm. Ships fixed among these 

' t'oiisnlL on tin- whole of tlii'. K W pn-' I jI'n * l>n* Melamorplmwii dt» 

Pi'l.ireiseji,' Vieuiift, 1.S70 ; Payer' .»* New Iannis within the An tn t'lrrle,’ IS?®, chap. i. IV 
pliysics of sea-ice are divtiiisetl by 0. Petlersson, ' Vepa-exj>etlitioneus VeU;n«ikiipli(rR I»kl^ 
tA^eUer.' ii. p. ‘Z90, Stockholm, 1888. Much iiifonnatioii alx)ut the floc-ice ami the Oreeii- 
lontl icelic'iif'* at their birthplace will V foiiml in Drygalski's volwroet* cited on p. 53f» 
and in the paiH'n of Profes-sor Chamberlni in the Juuru. (Je‘4 8w alio a paper by U. S. 
Tarr on *' Arctic Sea-^ as a (leologuMl Agent.’’ Auit,. Jmtrn. fki. iii. fl897), p. 223. 
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floes have drifted with the ice for hundreds of miles, until at last 
liberated by its disruption, (c) In the Baltic Sea, olF the coast of 
Labrador and elsewhere, ice has been observed to form on the sea-bottoni. 
It is known as (fronnd-ice or Anchor-ice, In the Labrador fishing- 





Pi;,' It’iH.— Fill III, itloii uf {/! ) 

'Die glaoii'i' (K, /i) <l(>t>n‘ii<lH fruiii iiiuiuitaiiiuiis ^loiinil (l>) tu tln' !• \<'I (i). bi.iuiig ln^llllll^-'^tlllt uii tlii 
mirfticn, pusliing oinlctutiH below («/), uiul MUidnin olt uebeij's (<'0, wbieli ina). (an> ileliitiis ami 
drop Jt ovei the son-bottom , (, f, (/, lines ol tiu'b mid low w.itei 


grounds, it forms even at considerable depths. »SeaL caught in tin* lines 
at those depths are said to be brought u}) sometimes solidly fro/en.’ 

/i. In the Arctic regions, vast glaciers drain the snow fields, and, 
descending to tin* sea, extend tor some distance from shore until large 
fragments break <)rt' and, under the influence of the })rc\aleMt otl sliore 
winds, float away seaw'aids (Fig. lOS) These detached nuisses are Ice- 
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bergs. Their shape and size greatly tary, but lofty peaked foims arc 
common (Fig. Iflfl), and tliey sometimes rise from" ’iOO to flOO feet oi 

* Sre H. Y. iliini. Vt'noiluta S nt f i nt it.( , mii. tl878}, pp. '-'27, 
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more ab(A’e the level of the aea.^ A« the part that appears above unater 
is only about one-ninth of the whole mass of ice, these larger bergs may 
sometimes be from 1800 to 2700 feet thick from base to Uip, though the 
submarine part of the ice may be as irregular in form and thickness as 
tlie portion above water.- Icebergs of the largest size consequently re- 
quire water of some depth to float them, but are often seen aground before 
they have been able to reach the deeper sea outsule. In the antarctic 
regions, where one \:ist sheet of ice envelops the land and protrudes into 
the sea as a long, lofty rampart of ice, the detaolied icebergs often reiu’h 
a gre,at size, and are characterised bv the frequenev of a flat tabular form 
{Fig..lT0V‘ 
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II. Geological Work - 1 ) influeuct* (m Chmati*. - -Were there no 

ageneies in nature for distributing temperature, theie wnuld lie a' regular 
and uniform diiuiimtion of the mean annual lenijierature from equator to 
poles, and the lines, or lines of equal heat, would coincide with 

lines of latitude'. Ilut no .such general « oirespondence actmdly exists. A 
chart of the globe, v ith the isothermal lines drawn across it, shows that 
their (livcrgencc.s fiami the parallels are striking, and most so where they 
approach and cro.ss the ocean Cut rents fiom warm legions raise tlie 
tem])crature of the tracts into which they How ; llio.se from cold regions 
lower It. The ocean, in short, is the great distrilmtor of temperature 
over the globe. 

As :m illustration, tlie two ojipositf sides <d tin* N<»rth Atlantu’ may bt* tAkeii. The 
Cold .11 ( tie cuirent, tlownig southward aloii^ tin* licit h ca^t co-sst of AiiK-ricft, rcdiuea 
the mean anniuil tt*m|K*ratnrp of that ri*;,'ion. On tin* oth«‘r hand, tlic (li.U Stl<*am 
and snifacc dolt biin^ to the sliorea of Iho iiorlli west of Knropc a teniperatun' nnich 
above what these would otln'rwi-c r*njoy. Dublin and tin* scnuli eiiHlern h(’adlaiidii of 
Labiador he cii the saino jiaralh*! of latitiKb*, yr-t diffi'r as inuch as is u\ tlicii mean 
annual tfiiqK'ratuiP, that of Dublin bcinj' hO . .and llnil of !«ilirailur ‘-’>2 Kalii. (,'roll 

' I>r\Kalski found the ic«*l»<‘rj{s I'liwl by the ifr»'at Jacobsli.io n ne-livM in North (trecn- 
laiid to raiij;e in height from 21 to 137 oi |H,*ihnjts evi n 110 im-tres (1)9 to IhO or C39 KuKlish 
feet) ; I'/i. siipYti ci(. (-hap. xiv. Sahshiir), Juitrii. (ifil in. }>)» Si, 92. 

Un flotation of i<(*lH*rgs, see <»>«/. .\ffig. (2iid see ), in. jip. 303, 379 , iv. Of), p. 13.'). 

’ On antarctic icelierg**, sis* Arctowski, ftemjr. Jtntrn. .July 1399 ; f'owpt. irml. rxxxti. 
tl901), p. 725. - 
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«ftiinated that the 6«if Stream conveys nearly half as mnch heat /bm the tropics as is 
received from the sun by the entire arctic regions.* 

(2) Erosion. A. Chemical — The chemical action of the sea upon the 
rocks of its bed and shores has not yet received the close observation and 
experimental treatment which it deserves.- It is evident, however, that 
changes analogous to those effected by fresh water on the land must be 
in progress. Oxidation, solution, and the formation of carbonates, no 
doubt continually take place. The solvent action of sea- water is most con- 
spicuously shown among the calcareous rocks of tropical seas. Sir John 
Murray first called attention to this solution as evinced in the sheltered 
waters of the lagoons of coral islands,^ and his observations 'ha ve« since 
been confirmed and extended by Professor A. Agassiz, who has brought for- 
ward numerous illustrations of the way in which the lower part of lime- 
stone cliffs is eaten away and isolated rocks are reduced to mushroom, 
shapes.^ 

The experiments which have Wn made to determine the nature and amount of 
the chemical action of sea-water have thiown some little light on this subject. Sir John 
Murray, who had shown that calcareous organ isms gradually disappear from the deposits 
of the sea-bottom as these aie traced down into the abysses, explained their absence 
there by the influence of the water containing carbonic acid in dissolving the lime. Sub- 
sequently he conducted a series of experiments to demonstrate the truth of this view. 
Ten specimens of coral of different species were immersed in sea water and allowed to 
remain for periods varying from 20 to 60 days. In each case a perceptible loss of 
material took place, varying from 0’0725 to 0*1707 of their weight, which he estimated 
to be equal to a rate of loss amounting to from 0*153 to 0*1860 from one 8<iuare inch of 
surface in a year. The more areolar or amorphous corals were attacked more rapidly 
than the harder crystalline varieties.® 

We may judge, indeed, of the nature and rapidity of some of these changes by 
watching t^e decay of stones and material employed in the construction of piers. Mr. 
Mallot— as the result of ex|H'riinents with specimens sunk in the sea - concluded that 
from to -iV of an inch in depth in iron castings 1 inch thick, ami about of an inch 
of wrought-iron, will be destroyed in a century in clear salt water. Mr. Stevenson, in 
referring to these ex|)eriment8, remarks that at the Hell Kock lighthoii.se, twenty-five 

* See a series of pajwrs by him on the “Gulf Stream and Ocean Currents," m (>eol. May. 
and Phil. Mag. for 1869, 1870-74, and his work ‘Climate and Time’ ; likewise a series of 
controversial papers on this subject by him and Professor Newcombe, Phi/. .1883-84. 
Professor Ilaughton offered some oulcid.*itions of the actual nmouiit of influence exercised 
by ocean-currents upon climate, and of the effect of a current b<dwcen the Indian and Arctic 
Oceans across MesoiKibuma and the Ando-Caspian depression. Bril. Javoc. 1881, Reports, 
pp. 451, 463, Agassiz on Gulf Stream in his ‘Three CruUes of the Blake,' i. p. 241. 

See Bischofs ‘Cliemieal Geology,’ vol. i. chap. vii. ; Dnubree, 'Geol. experim.’ vol. i. 
Thi subject has recently l>eeri undertaken by Pi-ofessor Joly of Dublin, and from his skilled 
hands some valuable results may be anticipateil. See his first pajier in Vompt. rend. Congrit 
(fM. InterMt. Pans, 1900, p. 774, and Bnt. Assoe. 1900, p. 731. 

« Proc, Roy. Soc. Edin. 1880, p. 605. 

* “ The Coral-reefs of the Hawaiian Islamls," Bull, Mas. Comp. Zool. Harvard, xvii. No. 3, 
pp. 125, 128 ; " A Visit to the Bermudas in March 1894,” op. cil. xxvii. No. 2, p. 215 ; “The 
Elevated Reef of Florida,” op. nt. xxviii. (1896), p. 39. 

® Proc, Roy. Soc. Edin. xvii. (1889), p. 109. See also R. Irvine, AVn/itrc, 1888, p. 461 ; 
J. O. Ross, ibid. p. 162. Compare A. Agassiz, Ball. Mas. Comp. Zoo/. Harvard, xvii No. 3 
(1839), p. 125. . . 
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differeut kiDd« and combliutiona of iron were exposed to the action of the sea, and 411 
yielded to oorroaion. In some of theoe castings, the loss was at the rate of an inch iu 
s century. "'One of the bars which was free from air-holes had its specific gravity 
reduced to 5 ‘63, and its tran verse strength from 7409 lb. to 4797 lb., and yet presented 
no external appearance of decay. Another apparently sound specimen was reduced in 
strength from l068 lb. to 2352 lb., having lout nearly half its sticngth in fifty years.'** 
Similar results were observed by Mr. Grothe, resident engineer at the construction of 
the ill-fated railway bridge across the Firth of Tay. A cast iron cylinder (such as was 
employed in constructing the concrete basements for tlio piers), which had l*een below 
water for only sixteen months, was found to be so corroded that a })en -knife could be 
stuck througli it in many places An examination of the shore will sometimes reveal a 
good deal of siuiet chemical change on the outer crust of wavc-waahed rocks, liasalt, 
for instance, has its felspar dceomjiosed, and show^ the pre.senc« of caibonates by effer- 
vescing briskly with acid. The aiigite is occasionally replaced by ferrous carl)onat<*. In 
the exjierimcnta lecently conducted by Piofeasor July, specimens of basalt, orthoclaae, 
Obsidian jud hornblcmie reduced to fine jtowder were kept for three months in a vesael 
‘of sea- water through which a cun cut of .air {NiaiM^d, so as to maintain the sediment in 
su8|»enHion. He foiiinl tluit the .-jilicates, especially those of the baaalt, had lost small 
but j>erceptible amounts of sihc.i and lime, and he calculated that this loss in the i-aae 
of the basalt amounted to latlier more than half a giainine per sijuare metre in a year.'* 

The complex chemical cliaiigcs that take place in the sea through the operation of 
living and dead organisms are refened to on pp. tlO.'i, till, 621, 621-628. 

13. Mfchaniaii — It is mainly liy its medianiwil action that the sea 
accomplishea its erosive work, 'riii.a can only take jilace where the 
water is in motion, ami, other things heing eqtial, is greatest whore the 
motion is strongest. Hence we cannot suppose that erosion to any 
appreciable e.xtent can be effeeteil in the abysses of the sea, where the 
only motion is probably the slow ereeping of the polar water. But where 
the currents are powerful enough to move grains of sand and gravel, a 
slow erosion may lake place even at eonsiderable depths. It is in the 
upper ]K)rtions of the sea, liowever— -the region of currents, tides, and 
w'aves, — that mechanical eiu.sion is chielly pi'.rformed. 'I'he depth to 
which the influence of waves and ground-swell may extend seems to vary 
greatly according to the situation (udIc, p, r)(>2). A goisl test for the 
absence of serious abrasion is furnished by the presence of fine mud on 
the bottom, W herever that is found, we may«l>e tolerably sure tliat 
the bottom at that place lies beyond the reach of ordiiiaiy breaker-action.* 
From the superior limit of the accumulation of rnud up to high-water 
mark, and in e.xposed places up to 100 feet or more above high-water 
mark, lies the zone within which the sea does its work of alirasion. To 
this zone, even where the breakers are heaviest, a gre.iitcr extreme vertical 
range can hardly be as.signcd than .‘300 feet, and in most cases it prol)ably 
falls far short of that extent. 

'the mechanical work of erosion by the .sea is done in six ways. 

(i.) The enormous force of the breakers suffices to tear oft frag- 
ments of the solid rocks. 

Abundaut examples are furnished by the precipitous shores of Caithness, and of the 
Orkney and Shetland Islands. It sometimes happens that dcinonstratinn of the height 

* T. Stevenson's ' Harlwurs,’ P- 47. * (•p. ril. p. 780. 

' ’ T. Stevenson, <»/?. cif. p. 1 .5. 
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to which the eflective foi^e of breakers may reach is furnished at ligiithouses built oti 
exposed parts of tlie ermt. Thus, at Unst, the most northerly jioiiit of Shetland, walls 
were overthrown and a door was broken open at a height of 196 feet above the sea. At 
the Ilishop Kock lighthouse, on the west of England, a l)ell weighing 3 cwt. was 
wrenched off at a levul of 100 feet above high-water mark.* Some of the most remark- 
able instances of the power of breakers weie observed by Mr. Stevedson among the 
islands of the Slietland group. f>n tho' Bound Skeiry he found that blocks of rock, u[t 
to 9^ tons in weight, had been washe<l togethei at a height of nearly 60 feet above the 
sea ; that blocks weighing from 6 to 13^ tons had been actually (pi.-iiried out of then- 
original bed, at a height of from 7n to 7u feet ; and that a block of iieaily 8 tons had 
boon driven before the waves, at the levul of 20 feet above the sea, over very rough 
ground, to a <listance of 73 feet. He hkew-ise records tho moving of a fdVtou block by 
the waves at liarrahead, in tlie, IIebride.s.‘ At Plymouth, also, blocks of several tons in 
Weight have been known to bq washed about the breakwater like pebbles." 

(ii.) Tho uiternato compreasioii and expansion of air in crevices 
of roek.s exposed to heavy breakers dislocate lar^re ma.sses of stone, even 
above the direct reach of the waves. It is a fact familiar to engineers 
that, even from a vertical and appaicntly pmfectly solid wall of well-built 
masonry expo.sed to heavy seas, stones will sometimes he started out of 
their places, and that when this happinis, a rapid enlargement of the 
cavity may he effected, as if tho walls were Itreaclied hy a se^e^e 
homlianlment. At tho Kddystonc lighthouse, during a storm in 1840, a 
door which had Ix'en securely fastened against tho toice of the surf from 
without, was actually driven outward ly a pressure acting from w'ithin 
the tower, in .spite of the strong holts and hingt'.s, whicli were broken. 
Wo may infer that, hy tho sudden sinking of a mas.s of water hurled 
against tho building, a partial ^acinim was formed, and that thi; air insirie 
forced out the door in its efforts to restore tho oijuilihrmm.^ 'I’liis explana- 
tion may jiartly account for the way in which the stones arc slartcd from 
their [ilacos in a .solidly built sea-wall. Hut lieside.s this cause, we must 
also consider a perhaps .still more etlectivo one in the comicn.sation of tho 
air driven ludore the wave between tho joints ami crevices of tho stones, 
and its .suhaoipient ii’stantancons expansion when the wave drops. 
During gales, when largo waves are driven to sliore, many tons of water 



StMelison. 

r,L 

.. 31. 1). A 

Slevetisoii, Mni. 

Iii.sl. Cii Eii'iin, \I\i. 

(1876 

. p. r. 





* 

r. Stevenson. 

■</. pp 21-37. 




riie slinleiil will 

Iiear 

III iiiiml that 

the lel.itive wel^'h 

of hodies IS j^ieafly rediiceil 

18 hell 

in watei. imit .still 

nioi 

' III sea-w.itei 

The tiillowim: i-v 

aniples will illiotrate this fact 

(T. Stevenson''. ‘U.-uliours,’ 

|. 107^-- 






.Specillr 
lilliv ity 

Nil. Ill 1 Ill'll fc '1 ti' 
ton III -i.i 

^ \u Ilf ii'i't. til .1 ti'ii in , 

‘ si ',1 Wilter 'll sjieeific ' 

KM' It} 1 O.’S 




1 2-99 

11-9 

; lS-26 ! 


Ueil granite 



13-2 

21 30 ' 


Sjiinistono 


1 2 41 

14 ‘.s 

26-00 ' 


( 'aiinel Coal 


I 1 5-1 

23-3 

70 00 ; 

* Walker, /Vu. /w.'t 

1. hii'ini- i. p 

. 15 ; Stevenson’s ‘ 

Ilnrbon^ / p 10. 



8ECT. ii § 6 MEdkAMOAl ACTIOK OF SEA " 509 

are poureS suddenly into a cleft or cavern. Theae volumes of waU'r, as 
they rush in, compress the air int<» every joint aiu! j>ore of the rock at 
the further end, and then, quickly retiring, e\ort such a suction as from 
time to time to hrini^ down jwirt of the walls or roof. 'I'ln* sea may thus 
gradually h>fm an inland pas.s<ige for itself to the surfact' al>o\e. in a 
“ hlow-hole,” or “ pufting-liole, ' through which spouts of foam and spray 
are in storms shot high into the air. 

On th« more expoaod iiortioDs of tjic wt“,i coast of Irclainl. ami cn tin* north elm'll of 
Cornwall, numerous cxionples of hoch blow holes occur In .‘^<-otl.»ml, likewise, they mn\ 
often Im* olmcrveil, as in the Mullets \^hoih*is' of Muclian on the coast of Alu nlcL'iishirc, 
and th^ Oeattj’ I'ot near Arbroath. Ma;fni!icciit instnnccs ocoiii amoiij; tin* dikncy ami 
Shetland Islands, some of the more shattired rocks of these m itlicin coasts being, as it 
were, lioncycotnbed by sea-tunmds, many of whii-b open np into the middle of fields 
or moors. 

* (iii.^ The hydraulic ])ressure of those )Kutions of large waves that 
enter fissures and pa.ssages temls to force asumlcr musses df nn k. Tin* 
sea-water which, as part of an minsliing ua\e. fills (he gullies and i hinks 
of the shore rocks, exerts the same ))icssure uj>on the walls la lwccn which 
it is confined as the rest of (he \\a\e is donn: upon the f.ice of the (dilf 
flach cleft so circumstanced Itccomcs a kind of hy«lrauli<‘ pi css, the potency 
of xvhich is to he measured Ky the foice with which the wa\es fall tijioii 
the rooks outside — a force which often amounts to tliree tons on the 
sipiare foot. Tiiere can he little doiiht that hy this means consideralde 
pi(‘ccs of a cliff are Pi'om tunc to time dislodged. 

(iv.) The waves make use of the loose detritus witiiin their reach to 
break dow’n dill's exposed to tlicir fury Prohahly by far the largesi 
amount of erosion is thus .accomplished The blows ili-alt .igaiiist shon* 
dill's liy boulders, gra\d and sand swung forward by bre,akers, weie 
aptly compared by Playfair to a kiml of artillery ' During a storm upon 
a shingly coast w’o may licar, at a dislanee of se\eial miles, the giind of 
the stones upon each other, as they are dragged b.u'k hy the rei'oil of the 
waves which had launched them forwaid.'- In this tear and wear, the 
loose stones are ground smaller, and aeqtiire the hiiiootli round form so 
characteristic of a surf-beaten beach. At the same time, they bruise and 
wear dow'ii cliffs ag.iinst which they are drueii. A rock, mndi jointed, 
or from any cause presenting le.ss resi.stance to attack, is excavalial into 
gullies, creeks and caves ; its harder juirts standing out as proniontoiies 
are pierced; gradually a series of detached buttressexs and .sea stacks 
appeiirs a.s the cliff recede.s, and these in turn an* wa.^^ted until they heroine 
mere skerries and sunken surf-beaten reefs (Fig 171). The surface of t he 
beach is likewise ground df/wn. The rc^dity of this erosion and eonsoipn iit 
lowering of level is sometimes instnictncly displayed where a block 
of harder rock .serves for a time to pioteet the portion of rocky beach 
lying beneath it. The bhx'k by <legrccs comes to rest on a growing pedestal, 

' ‘ ninstniti<iu« of tlm Hatmnuni Th<;or\ 117 

■ For a graphr account of tlx- In’a^y roll of tin- Il<l>llI^■r^ .'iml thim'lctinp of tli« billow 
as beard in a mmc innb-r tin* sci d<inn}{ ;i storm, •'is- .1. W. Hiiiwoo<l, 

Sor. ('‘trnfoa/l, 




Fig 1T2.— boulder of Dolerlte i'rot«;ling the jHjilion of Mdeaiiic tuff on the l>Hach 
iiiidenieath it ; Ijtrgo, Fife. 


Of the progiess of marine erosion, the more exposed parts of the British coast-line 
furnish many admirable examples. The sea-board of Cornwall presents a most impressive 
range of cliffs, sea-stacks, oaves, gullies, tunnels, reefs and skerries, showing every stage 
in the process of demolition (Fig. 171). The west coast of Ireland, exposed to the fall 


‘ See on the action of waves on sea-beaches and sea-bottoms, A. K. Hunt, l*rvc. Roy. 
Duiilin Soc, 1884, p. 241. Other examples from the same locality figured in Fig. I721ure 
given in the Geological Survey Memoir on Eastern Fife, 1P02. 




■well cfT the i(tUnt}c, is in iunomertbls looniitist enmplttalj nikdtrmiued by esTsmi, into 
which the see enters from both sides. The predpttoua coasts of Skye, Sutherland, 
CaitbttSss, Aberdeen, Kincardine and Forfar abound in the most impressive lessons of 
the waste of a rocky sea-margiu ; while the same picturesque features are prolonged 
into the Orkney and Shetland Islands, the magnificent cliSs of Uoy toweriag as a 
vast wall some l!i00 feet above the Atlantic breakers, which are t\iuuelling and fretting 
^ their base. 

If such is the progress of waste where the materials consist of the most solid rot'ks, 
we msy expect to meet with still more impressive proofs of decay where the coast line 
can opjMMc only soft sand or clay to the march of the breakers. Again, the geological 
atudent in Britain can examine for himself many illustrations of this kind of destruction 
around ahijres of these islands. Within the last few hundred years entire parishes, 
with thoir farms and \illages, hs\e been washed away, and the tide now ebhs and flows 
over districts which in old times were cultivated fields and cheerful hamlets. 'I'he 
coast of Yorkshire lietween Flaniborougli Head and the mouth of the HuiuIkt, uml also 
that between the Wiish aiul the mouth of the Thames, Hutfer at a sjMTUilly rapid rate, 
for the clftfs in these parts consist in great measure of s(«ft clay, lii wuiic }>laces 
between Spurn Point and Flaniborougli Head this loss is said to amount to fnc yards 



KlX. 178. -Cliffs (if cls) full of ,’Wptarltn nodules, Mie acounmlHUoti of hIiIcIi senes to irri Hl the 
progn'h* fif the waves 

per annum.’ In the forty miles of diff between Bridlington and Kiliisea the average 
annual loss Is computed at 2J yauls, which is eipial to about one acre loi each mile 
of coast. “ 

Other parts of the European sea-lniard likewise furnish instructive lessons as to the 
progress of marine erosion. The de.struction of Heligoland, in the North Sea, has been 
oontiuuous for centuries, the stages in the disappearance of this island being easily 
followed on the charts of successive jsjiiods.-' Even the hard crystalline rocks of 
Scandinavia are unable wholly to withstand the a.ssanlts of the Atlantic breakers.* 

While investigating the progress of waste along a coast line, the geologist has to 
consider the varying jaiwers of resistance jiossessed by rocks, ami the extent to which the 
action of the waves is assisted by that of the subaerial agents. Kof'ks of little tenacity, 

’ K. t'lckwell, Proc, Jtixf. Cir. Engin, li. p. 191. On the waste of tlie coost lictww’ii 
the Thames and Wash, see J, B. llcdman, op. nf. x\ni. p. 1H6 ; Keid. <*W. Mag. 

2nd doc. iv. p. 136. “Geology of Holderiiesi,," Mem. (irof. Svrr, The Rejiorts ff 

the British Association Committee on the erosion of the sea coasts of England, 188&-9ri, give 
much Interesting information on this subject. Ou the waste of the coast at Soulhwold and 
Covehitbe, see J. Spiller, Otol. Mag. 1896, p. 28 ; on that at Wirral, G. H. Morbm, op. at. 
p. 516 ; on that of County Down, op. eit. 1897, p. 62. 

* W. H. Wheeler, ‘The Sea Coast,’ 1902, p. 2. 'rhis volume gives a large amount of 
infobnation regarding the coasts of England and Northern France. 

* K. W. M. Wiebel's ‘Die lusei Helgoland,’ 4to, Hamburg, 1848. The rate of erosion 
in Holland is referred to in Naiurr, lx. (1899), p. 115. 

* H. Reuscb, 1879, p. 244. 
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nnd readily snsceptibld of disintegration, obviously present least resistance to the advance 
of the waves. A clay, for example, is reailily eaten away. If, however, it should contain 
numerous hard nodules or imbedded boulders, the.se, as they drop out, may accumulate 
in front beneath the clilf, and serve as a partial breakwater against the waves (Fig. 173). 
On the other hand, a haid hand or boss of rock may withstand the destruction which 
overtakes the softer or more jointed .surrounding portions, and may cor.sequently be left 
projecting into the sea, as a lino of headland or promontory, or lising as an isolated 
stack (Fig. 171). He.side.s mere hardness or softnc.ss, the geological structure of the* 
rocks jiowerfully influences the iiatme ami rate of the encroachment of the soa. Where, 
owing to the inclination of bedding, joints, or other divisional ])lanes, sheets of rock 
slope down into the water, they servo as a kind of natural breakwater, up and down 
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which the .surges lise and fall during calms, or rush in crested billows during gale.s, the 
al)ra.sion being hero reduced to the .smallest propoitions. In no pait of the degradation 
of the land, indeed, can the dominant iiilluenee of roek-stnicture bo more conspirnoii.sly 
oliserved and instructively studied than along ,sea-olills. Where the lines of prooipice 
are abrupt, with numerous projecting and retiring vertical walls, it will almost invariably 
be found that these perpendicular faces have been ent open along lines of intersecting 
joint. The existence of such lines of duision permits a stee[) or vcrtic.al front to be 
presented hy the land to the sea, because, as slice after slice is removed, each freshly 
bared surface is still defineil by a joint-piano (.see p. d.'iO). 

a During the study of any rocky coast wheio tbesi* foatuies aie exhilnted, the ob.scrver 
will soon perceive that tlio encroach incut of the sea upon the land is not duo merely to 
the action of the waves, but that, even on shores wlieio the gales are fiercest and the 
breakers most vigorous, the demolition of tho cliffs depends largely mion the sapping 
influence of rain, springs, frosts, and general atmospheric disintegration. In Fig, 174, 
for example, which gives a view of a [Kirtion of the northern Caithnp.s.s coast, ex|>o.se<l to 
tho full fury of the gales and rapid tidal currents which rush fiom the Atlantic through 
the Pentland Firth, we see at once that though the base of the cliff is scoopd out by 
tho restless surge into long twilight caves, nevertheless the recession of the precipice is 
caused hy the wedging off of slice after slice, along lines of vertK'al joint, and that this 
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proct^ begitft at the top, where the subaerial forces and not the waves aiD the tM’ulptoii. 
Undoubtedlv the sea plays its part by removing the materials dishMlg<-d, and pieventiiig 
them from accumulating against and jMoieeting the fate of the puripue. Ihil were 
it not for the jwteiit influence of mihaerial dc-HV, tlie progress of the sea woiihl he 
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I om|i.U ill i\ elv feeble 'I’lievix bl-n Ks uf 'tmii wiinhuivi lin w ,i\ , sn niU' !i ul llieii 
elliiMi'y a^ iilii.ulsiig air- nl'i -n* in gie.U in, I'liu Ini iiisln -i ('i lli- in b\ I he .n t n,n -if tin 
liuteoin agent'- If --i ,i - hll^ w le niainll -In-- to iIh -l-^liinlue ilh'-t'ol Uie \\.i\es, 
liny ought (o uVetli.ilig ll'-'ii li.isc, foi iiii'.v -It "I n, ai th-u ii,i-e d ns tin- sea net (ilg 
1 7.^0- Ibil f be fact th U 1 " I lie N.f-t mai-M it\ ol - ts, --i i - liil uiste.i-i of ,>\ei h.uigmg. 
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slo[ie ha, kwaid, .at a greater or h -s angle, In, in tl,e sea I'lg 171 shows that tin' w.iste 
Irom suKieii.il action is really gieater than tlinl fiotu theaetionof the hrcakeis.* hveii 
wheiiai ilitl acliially ovcihaiigs, howevn, it may often Ik- .shown tiiat the api-aient 
greater u-essiyn of ils luv, .md iiifeientully the more powerful denuding aetion of the 
sea, aic deoi'ptue. In 1 ig- Irti, one of liie inniitiiiiable evampicH from the Old Iteil 

I • Whitaker, iv. p 4 47. 
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Sandstone olifTs of Caithness and the Orkney and Shetland Islands, we at'once perceive 
that the process of demolition is precisely simitar to that already cited in Fig. 174. The 
cliff recedes by the loss of successive slices from its sea-front, which are wedged off not 
by the waves below, but by the subaerial agents above, along lines of parallel joint. To 
the inclination of these divisional planes at a high angle from the sea, the precipice 
owes its slope towards the land. « 

(v.) Tidal Ejmion. — Probably the chief erosive influence of the tides ^ 
is indirect, where the tidal waves, by raising the general surface of the 
water, enable wind-waves to act with effect on a greater area of land. 
As already remarked, these waves during gales in the British seas may be 
increased several feet alcove their normal height. Keference has been 
made (pp. 560, 562) to the existence of currents at considerable de'[)th8 in 
the ocean, though not in the profounder abysses. These movements have 
been observed in straits between islands or submarine ridges, and they 
are doubtless connected with the tidal wave. They seem to possess 
sufiicient scour to prevent the accumulation of sediment; but whether they 
are effective in eroding hollows on the sea-floor, as has been claimed 
for them, may be doubted. Their power to dig out hollows or to 
deepen and widen channels must depend not merely on their velocity 
but upon the presence of detritus which they can use in abrasion, 
for without this detritus they could not remove the surface of hard 
rocks. ^ 

(vi.) Ice-emion. — Among the erosive operations of the sea must be 
included what is performed by floating ice. Along the margin of arctic 
lands, the ice formed along the shores shields them from attacks by the 
waves, and oven when broken up as the season advances the dislodged 
floes break the force of the waves and thus continue to exorcise a pro- 
tective influence.'’ Nevertheless, a good deal is done by the disrupted 
floe-ice and ice-foot, both in abrasion and in deposit. Cakes of ice, 
driven by storms, tear up and redistiihute the soft shallow-water or 
littoral deposits, rub and scratcli the r()cks, and push gravel and blocks 
of rock before them as they strand on the shore. I lence beaches of coarse 
shingle and large Ixmlders may be formed by the stranding ice, though 
the sea-lwttom immediately below may be covered with fine mud. The 
constant stranding and rasping of the floe-ice prevents the growth of a 
continuous coating of sea-weed, barnacles, A^c., which would so far protect 
the shore-rocks from abra.sion. Icebergs, when they are pr(Kluced by the 
“ calving ” of huge masses from the .surface of a glacier, give rise to waves 
sometimes of considerable size, whereby the shores are more vigorously 
eroded. At the time of their detachment or in their subsequent re- 
adjustments in consequence of melting, they from time to time thump 
heavily on the bottom, stirring up the mud and causing much destruction 
of life on the sea-floor. As they are driven before a gale they acquire 
great momentum, and must doubtless grind down any submarine rock 
on which they grate as they are driven along. The geological operations 

* The potency of tidal action haa been long m.nin(aiued by Mr. T. Mellard Aeade, Pt-cc. 
iieol. Soc, Limpoot, 1878 ; Phil. Mag. «v. (1888), p. 838. 

* K a Tarr, ^mer. Jour. »i. lii. (1897), p. 224, 
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of floatingkioe were formerly invoked by geologists to ex|)lain much that 
is now believed to have bwn entirely the work of ioe on land,^ The 
general system of ice-striation on the rooks of glaciated countries points 
to the radiation of the striating agent from centres, to a continuity of 
operation j^long definite lines, and to a capacity for moulding itself to the 
details of the topography, which would l)e possessed hy ice-sheets and 
t glaciers, but are inconceivable in the case of masses of fioating ice driven 
about at the mercy of winds and currents, altogether irresjH^ctive of the 
form of the sea- bottom. 

(3) Transport. — By meiins of its (nirrents the ses trans))orts 
mechanically- suspended sediment to varying disUuices fioni the land. 
The distance will depend on the size, form and 8|^cilic gravity of the 
sediment on the one hand, and on the velocity and transjiorting })owcr 
of the marine current on the other, lijibbage e.sti mated that if, from 
the month of a river 100 feet deep, suspended limestone mud, of 
diflTerent degrees of fineness, were discharge^d into a sea having a uniform 
depth of 1000 feet over a great extent, four ^a^ietics of silt, falling 
respectively through 10, 8, 5 and 4 feet of water per hour, would W 
distributed as in the following table : - — 
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1 
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8 
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26 
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5 

360 i 

40 

400 

' 1 

\ 

46o 

60 

.^iOO 


It must be Ixirne in mind, howe\er, that nn'cliamcal M'dinient sinks 
faster in salt than in fresh water. ‘‘ The chief part of the fine, nmd in 
the layer of rivcr-wat(‘r, which floats fm- a tune on tin* .vdtei and 
heavier sea-water, sinks to the bottom as soon as the two waters com- 
mingle. It has been .'iscertained, nevertheless, by <iii(M;t obseiwation 
that an appreciable amount of extremelv fine elay i'' pieKont in ocean- 
water even far away from laml, the proportion so transporte(l (l«*pending 
not only on the size and weight •if the juirticles, hut •»n the tenipeiatnre 
and to a less extent on the salinity, being gieal<‘r the lowei the tempeui- 
ture and salinity. In specimens <if surface water t^ikeii from various 
oceans the amount of mechanically susjxjnilcd silicati’s (cLay) was foimd 
to be as follows : * — 

• For an account of th** woik of ftoatiiift ue (*• jan-ico m-i* U. S. Hind, ('(tnadiau 
XtUuralid, vii. (1878), p, ‘.i29. 

^ Q. J, Oeol, Htx,. jii. p. 368. 

^ Sw flnfc, pp. 491, 611, nml anthoritica there clte»l. 

* Mnrray and Irvine, Proc. Ray. St>c, Edvi. xvlii. (1891), p. 243. These authors 
r^rd the eilicatea thu« mechanically susjiended in »ea-water as the probable soune of most 
of the silica secreted b'l marine plants and animals (/xisfcu, p. 626). 
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In 14 litres 
of water. 

cubic mile 
of water. 

Atlantic Ocean, lat. 51' 20', long. 31' W, 

0 '005*2 grm. 

— 1604 tons 

iJerniaa Ocean, 30 uiiles E. of .May Island 

U '00153 ,, 

^ 1946 „ 

Meditunanean, centre of Fiastoin hasin 

0-0065 ,, 

‘2031 ,, 

Haltic Hea, .sahmty lOOS o 

0'0105 ,, 

3‘200 ,, 

lied Sea, off Hiotlieis Island 

O'OOOO ,, 

' 264 ,, 

Indian Ocean, lat. 15' 46' N , long, .58 51' E 

. o-oooo ,, 

‘264 „ 


Ni'jir tho land, where the rnoveniciit.s of the water are active, much 
coarse detritus is transported alongshore or swept farther out to sea. 
A prevalent wind, by creating a eurient in a given direction, or a .strong 
tidal current setting along a (awst line, will cau.se the shingjle to travel 
coastwise, the stones getting more and more rounded ami reduced in 
size a.s they recede from their source. In tidal seas such as those aiound 
the British bsles the pre\alent diift of the littoral detritus i.s on the 
whole in the direction of the How of the Hood-tide, though liable to locfll 
deviations according to the form of the coast line.' The Clie.sil Hank, 
which runs us a natural breakwater 10 miles long, connecting the Ish- 
of Portland with the mainland of Dorset .shire, consists of drifted rounded 
shingle."' On the Moray Firth, the reefs of <|Uartz-iock about Pullen 
furnish abundance of shingle, M'hich, uiged liy successive easterly gale.s, 
moves westwards along the coast for moie than In miles. The coarser 
sediment probably seldom goes much beyond the littoral /one. Keturning 
to the subject of the d<‘pth to which wave-action extends {aiifc, p. nO'J), 
we may take note that it levs ixien ,obser\ed by the lishermeii at Land’s 
Fnd that their lobster-pots are often tilhal with coarse .sand and shingle 
in depths U[) to HO fathoni.s during heavy gioutid swells, and that some 
of the stones w’cigh as mneh as one pouml From a dejith ot e\'eii (100 
fathoms in the North Atlantic, between the F.iroe l.slamL and Scotland, 
small pebbles of \olcaiii(‘ and other rocks are di edged up which may 
have been carried liy an arctic under current from the north. Sir dohn 
Murray and (’aptain 'I'i/zard, Intwiwer, have lirought up large blocks of 
rounded shingle fiom that bank at a ih'pth of 000 fathoms. Such 
detritus <‘an hardly be due to any present ai'tion of the si-a, for at these 
<ie{)tlis the force of current's at the liottom i.^ piobably too fechle to 
push along coaisc shingle. It may be moi>iine stiill" dating l»ack to the 
ice-sheets of the (llacial period, its liner jiaitidi's h;i\ing been swept 
away, while it is prevented from being bulled undc'r suhmaiine mud by 
the scour of the currents over the b.ink. Hlocks of stone brought up 
> W. Jf. WImvK'I, ‘'Hie Si. I Co.-i-t,’ p Vtt. 

, - Oil itu- {.'lif'.il Itiiik, J I'ooilf. Mill. Iiisl. I’lr. Ettijiii \ii p. .t. H. 

]{c<liii.in, ('/». ca. \i. i>. UOl . will. p. 'J‘2t5 , Xiituh, \\\i. pp. 30, 104, l.'iO , Fieslwidi, 
Mm I'loi. hi^t. i'n Kn'jm. \t (ISr.'i), p. Il.t, H, W. liii.stow aiKt \V, W(iitiki-r, (hW. 
Mmj M. (lSt>9), p. 133. O. Kislii-r, of,. at. 1S74, p ‘J85 ; (J H. Kiii.ili:iii, . 7 /. at. 1874 ; 
Mm. I'lor. luKt Vm. Knqm. Iviii. (1878) , A. H. Hunt, /’/nc. y^r«/. linNhi Sue. iv. 
(188 0, p. ‘211 . V. (Vmii.sli, l*m<' h'>r.iet Mat. Fuiit-t'luh, 18'.)S, iiKo O’ce*/, Jvnni. 

May 1.898; W. H. Wlu-ulur, ‘Tlu* Sca-CuAst,’ 1S»02, p. 141. 'I’he friiitr.-il tMiojicit of 
littoial <K‘trllu^ III the Ensli'-h Chiiunel is fixun west to Kust ; Sii .1. IVe-stwiili, however, 
tliouijlit Ui.it at till' t’lu'Sil Itaiik tliw iliroetiou I'l loi'all} i-eii'isrit. 

J. N. Doiijs'l.is, .y/iii. priH. lu^t. Ctt'. \1. (1875). p. lOy 
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from deptfhs of more than 2000 fathoms in the Atlaniii* (lal. 49'’ N\ 
long. 43°-44'’ W.) have prolwibly been dropj>ed by icebergs from the 
north.^ 

Much fine sediment is visibly carried in suspension by the scyi for 
long distaiiees from land. The Amazon janirs so much silt into the 
sea as to discolour it for several hundred miles. After wet weather, 
tiie sea close around the shores of the Hritish Islands is sometimes made 
turbid by the quantity of mud washed by rain and streams fiom the 
land. Dr. Carpenter found the Imttom- waters of the Mediterranean to 
be everywliere perineatial by an c.xtreimdy fine mud, derived no doubt 
from tjie risers and shores of that sea. He remarks that the chamctenstic 
blueness of the Mediterranean, like that of the Ijike of (leneva, may l>e 
due to the iliffusion of exceiHlingly minute sedimentary juirticles through 
the water. 

* The .great oceanic currents are piobably powerful agents in the 
transport of fine detritus and of living and dea«l organi.sms. ('oral reefs 
apjiear to flourish lie.st where these currents bring a continuous ami 
abundant supply of hnjd to the retf Imilders. The reefs, in turns, furnisli 
an enormous quantity of fine silt, jinKluced by the jKmnding action ol 
lircakers upon tliem. IVfore the silt can sink to the bottom, it may be 
trans|K)rted to \ast distances. The lower portion of the (lulf Stri'am, 
from its exit in llie Florida (.’hannel northwanl to (’ape Hatteras, a 
distance of 700 miles, has lieeii comjmied to a huge muddy river, 
carrying its silt to the steep slope south of that cape, and dejmsitiiig 
here and theie patthch of green .sand along the sides of its course, while 
the upper watcis remain perb'ctly i-huir and of the deepi'Sl l>lue. The 
silt is puitly derivcil from the abrasion (»f coral reefs, partly from the 
decay of the abundant pelagic fauna swept finward by the current. 
Profes.sor A. Aga.ssiz has chilled attmitiim to t|ie important part which 
the great oceanic currents, in ancient as in modern times, may have 
[ilayed in the accumulation of limestones, not only hy transjxjrting 
calcareous organisms, but by bringing an almndaut food supply and 
thereby nourishing a prolific fauna ahmg their track. - 

During the \ ovage of the Ciiallmw'r, from the ahysses of the Pacific 
Ocean, at remote distances from land, the dredge brought U[> bu.shels of 
rounded pieces of pumice of all sizes up to blocks a foot in diameter. 
These fragmenta were all evidently waUTworii, as if deined from land, 
though we arc still ignorant of the extent to which they may have been 
.supplied by submarine volcanic eruptions. Some small pieces were taken 
on the surface of the ocean in the tow -net. Hound volcanic islands, 
and off the coasts of volcanic tracts of the mainland, the sea is sonu'times 
covered with floating pieces of water-worn pumice swept out by fliKxled 
rivers. These fragments may drift away for hundreds or even thousands 
of miles until, becoming water-logged, they sink to the botUjin. The 

' See chartx of part of North Atlanta hy .HtistAfH. Sn-inens Hiolhtis K Co, Lomlon, 
1882. Borne specmiens shown to uie hy Messrs. Bierner.h are nieces of has tit which may 
have couie from GreenUnd. 

* Amer. Acad. xi.*1882), p. 126. 
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universal distribution of pumice was one of the most noticeable features 
in the dredgings of the Challenger. The clay which is found on the 
bottom of the ocean, at the greatest distances from any shore, contains 
only volcanic minerals, and appears to be due to the trituration of 
volcanic detritus. In approaching the continents, at a distance of 
several hundred miles from shore, traces of the minerals of the crystalline 
rocks of the land begin to make their appearance.^ 

Another not unimportant process of marine transport is that performed 
by floating ice. In the arctic regions, as we have seen, vast quantities of 
<letritus become bedded with the ice at the bottom of the glaciers as these 
approach the sea. The icebergs that float off' from the.se glatiers, -though 
their visible |)art8 may be pure clean ice, arc thus freighted with rubbish 
below, which when a berg capsizes i.s not infrequently brought up to the 
surface as a black mass. Owing, however, to the more rapid melting ^f 
the })ortion of the ice that is immersed in the sea, most of the detritus is 
jirobably tlirown down on the bottom not very far from land. Occasional 
instance.s, however, have been observed, hundreds of miles to the south, 
where blocks of rock or portions of earth still remained on the bergs. It 
is estimati'd that thousand.s of tons of boulders, gravel, and clay are every 
year sent into the sea from the front of each large glacier in North 
(Greenland, and that much of this freight is borne out of the fjords into 
Baffin’s Bay.- The floor of certain portions of the North Atlantic in the 
pathway of the anrmal fleet of icebergs may thins be plentifully strewn 
with ice-borne detritus. By means also of the sea-ice that freezes to the 
shores, an enormous quantity of earth and stones is every year borne 
away on the disrupted floes, and i.s strewn o\er the floor of the sounds, 
bays and channels. Professor Tarr, in voyaging along the American 
coast for a thou.sand miles north of the Straits of Belle Isle and almost 
continuously amongst Hoe-ice, estimated that about (me ]iM* •* r cent of the 
cakes carrietl debris of some kind, while in some cases they were quite 
black with it, and fully half of them were discoloured with the sciliment 
they were carrying.^ 

Exceptional methods of transport have been noted in various parts of the ocoana. 
Thus in south-western f'atagonm. Nordenskjold found hits of slate which, though 
ajieciticallv heavier than the watei, weie kept atloat for some time on tlie surface of the 
sea.* Occasionally fine dry sand, blown hy the wind to a surface of smooth water, may 
be observed to tloat there for a time.* A more singular mode of conveyance by which 
lobbies may be carried for gicat distances is where they have been swallowe-l by fishes.* 

(4) Koproduction. — The son, being the receptacle for the material 
worn away from the land, must receive and .store up in its depths all that 

• Murray, Proc. Hoy. Soc. Juhn. 1876-77, p. 24". OonsidcraHe quantities of pumic.e 
and slag are from time to time drilte<l to the coasts of Northern Europe (Backstrom, Hikang. 
Srensk. Vet. Akad. Huiull. xvi. ii. No. 5, 1890). There ean be htlle doubt, however, that 
much of this material lias come from the cleaning out of the furnaces of sea-goiiig steamers. 

• R S, Tarr, Amof. Jour. Sci. ui. (1897), p. 228. ^ cit. p. 227. 

•* Farm. Stih'kholm, xxi. p. 637. 

® F W. Himonds. Amer. twrol. xvii. (1896), p. 29. 

• L. Vaillaiit, ft. N. O’. F. 3rd ser. xix. (1892), p. 111. 
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vast amount of detritus by the removal of which the level and contours 
o^the land are in the course of time so greatly changed. Tlie deposits 
which take place within the ai'ea covered by the sea may be tlivided into 
two grouys — the inorganic and organic. It is the former with which we 
have at present to deal; the latter will l)e discussed with the other 
geological functions of plants and animals (pp. GOo, Git), G13 stty.). Tito 
inorganic deposits of the sea-floor are (i.) chemical and (ii.) mechanical. 

(i.) Of Chemical deposits now forming on the seafloor we know as 
yet very little, save as regards those that tike place in .shallow enclosed 
basins where they come directly under observation ()n the Morbihan 
coast in the north-west of France, for example, the enclosure of extensive 
shallow lagoons of sea-water has been completed artificially, ami from 
these basins 100,000 to 200,000 tons of salt are annually ol)tained The 
Isialt is ,not pure chloride of sodium, but contains some chlorides of 
magnesium and calcium with traces of bromide.s and iodides. Other 
substances of great geological intere.st are deposiUMl from chemical solution, 
more particularly gypsum, crystals of which 3 to 4 centimetres in size 
are formed on the l)ottoms of some of these lagoons. The formation of 
these crystal.^, however, is ])robably due in main jiart if not entircOy to 
the co-opeiatiori of eerUiin bacteria, winch Idieratc sulphur hy oxidising 
sulphuretted hydrogen, and then hy a second proci'ss of oxidation 
transform the sulplnir into sulphuric acid, which chiefly eombinos with 
lime.^ 

At the mouth of the KliGiie a erystalline calcareous de[)nsit accumu- 
lates, in which the d<'‘bri8 of the sea lloor is ein eloped Ilischof estimated 
that no precipitation of ciirbonate of lime could take jilace from sea water 
until after \ l of the w-ater had evajiorated,^ No dejiosit of lime in the 
open sea is possible from concentration of H<*a watei Ihit the calcaicous 
formation on the .sea-hottom o})posite river.s like the lihone, if not tlie result 
of the precipitation of Him hy plants or animal.^ ma}' perhaps be explained 
by sup{)osing that as the layer of river water Goats and thins out over the 
surface of the sea in warm xveather with rapid eiajxiration, its com- 
paratively largi; jiroportion of carhonate of lime may he partially precipi- 
tated. It has been observed near Nice, a.s well as on tin' Afrn an coasts 
and other parts of the Meditenam'an .shoie.s, that on shore rocks within 
reach of the water a hard varni.sh like crust is de})<)Hited. This siilwlance 
consists essentially of carbonate of lina* As it extends oier rocks of the 
most various com|K)sition, it has been regardeil as a dejiosit of lime held 
in solution in the shore sea-waUr, and ra])i«lly evaj)orated lu pools or 
while bathing the surhice of rocks ex|)os(*d to strong sun-heat.-^ Jhit it 
may po.ssihly be due to organic agency like the amorphous cru.st of lime- 
stone formed by nullipores (sec 7 «AVm, p. <i0r>). 

During the researches of the ('hullnujet expedition, important facts in 

* C. Barroi*, Ann. Soc. OW, A'or(f. x\iv. (ISitiJ', p. ]9S ; Wiiuvrattsky, liutaniHthe 
Zfitnng, 1887. 

^ ‘Clim. Geol,’ i. ii. 178. 

® BuU. Soc. (ifol. Tra««(3), li. p. 219 ; lu. p. 16 ; \j. p. 84. See postca, p. 624, wher« 
the evajwration ia the coml-.'teaa is referred to. 
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the history pf marine chemistry were obtained from the abysses of the 
Atlantic and Pacific oceans. The precipitation of hydrates of manganese 
and iron was found to take place there on an extensive scale, and this 
process has since been observed in many other seas e^'en in water of no 
great depth. Some of the mineral precipiUitions on the sea-bcttora have 
an evident relation to the influence of organisms or organic matter, as is 
more especially indicated by the glauconitic and phosphatic deposits 
which are there laid down, and to which fuller reference is made in'the 
account of the action of plant and animal life (pp. 626, 627). It may be 
added here that even crysUils of a zeolite have been ascertained to be in 
course of formation among the clays of the deep sea, as will more 
particularly noted on p. 585 

(ii.) The Mechanical deposits of the sea may be grouped into sub- 
divisions according as they are directly connected with the waste of the 
land, or have originated at great depths and remote from land, when 
their source is not so obvious.' 

A. fMiid-drnml or These may be conveniently grouped 

according to their relative places on the sea-bed. 

a. Shore Deposits. — 'I'he most conspicuous and familiar are the layers 
of gravel and sand which accumulate between tidemarks As a rule the 
coarse materials are thrown up about the njipei’ limit of the beach. 
They seem to remain stationary there ; but if watched and examined 
from time to time, they will be found to ]>c continually .diifted by high 
tides and storms, so that, though the bank or bar of shingle retains its 
place, its component pebbles are being constantly moved. During gales 
coincident with high tides, coarse gravel may lie jiilcd u]) considerably 
above the ordinary limit of the waves in the form of what are termed 
sitwm-hmdm.'' Below the limit of coarse shingle upon the beach lies the 
zone of fine gravel, and then that of sand, the sediment, though liable 
to irregular distribution, yet tending to arrange itself according to 
coarseness and specific gravity, the rouglier and heavier detritus lying at 
the upper, and the finer and lighter towards the lower edge of the shore. 
The nature of the littoral accumulations on any gi\en part of a coast-line 
must depend either upon the character of the shore-rocks which at that 
locality are broken up by the waves, or upon the set of the shore- 
currents, and the kind of detritus they bear with them. Coasts exposed 
to heavy surf, especially where of a rocky character, are apt to present 
beaches of coarse shingle between their projecting promontories. Sheltered 

^ ^ See on this subject an important memoir by Messrs. Muiray amt Iteimrd, l'ri>c. Roy. 
Soc. Edin. 1884, oml Nature, x\x: (1884) ; also Miirra ;, Proc. Rny. Soe. 1876 ; Proc. Roy. 
Soc. JSdvi. ix. ; Murray ami Reuard, Bnt. A.ssoc. 1879, Sects, p. 340 ; also for the North 
Atlantic, ‘Den Notiike Nonlhavs-Expeditlon,' phrt ix. (on Oceanic Deposits), 1882. A. 
Agasaiz, ‘ Three Cruises of the i. p. ‘260. J. Y. Buchanan, Proc. Roy. So('. Edin. 
xviiL (1891), p. 131. Murray and Inine, Trans. R»y. Soc. Edin. xxx\ii. (1893), p. 481. 
J. B. Harrison and A. J. Jukea Browne, V. a. S. li. (1895), p. 313. But the chief 
source of information » the great memoir on “Deep-Sea Dejiosits” by Messrs. Murray and 
Benard, in the Reports of the ChaHmyrr Erpedition, 1891, alrea<Iy cited. 

* G. H. Kiuahau on tea-beache-s Proc. Roy. Irish Acad. 2nd aer.^iii. p. 101. 
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bays, on^the other hand, where wave-action is comparatively feeble, 
afford a gathering-giound for finer sediment, such as sand and mud. 
Estimries and inlets, into which rivers enter, frequently show wide m>iddy 
flats at low water (p. olO). Deposit. s of comininute<l shells, coral sand, or 
calcareous organic remains thrown up on shore, may be cemented into 
compact rock by the solution and rcdeposit of carbonate of lime (p. 021). 
WQiere tidal curre!it.s sweep along a coast yielding much detritiis, long 
bars or shoals may form parallel with the sln)re. On these the .“hmglo 
and sand are driven coastwise in the tlirection of the jnwalont current.* 
They not infrequently accumulate as long barriers completely protecting 
the shores *from which they are sejurated by a channel or lagoon of fresh 
or brackish water (p. 51 1). Into this lagoon sediment is washed from the 
land and aipiatic vegetiition takes root there, until not infrequently a salt- 
jnarsh or .swamp is formed. Extensive accumulations of this kiml arc to 
be foiuffl along the eastern coast of the United State.s.“ 

Among the deposit.s cast ashore hy the .sea, not the least interesting 
are the masses of driftwood which, e.irried (hmn by rivoi.s, are bortu' by 
maritie currents, .sometimes for hundieds of miles, and thrown down 
in huge aceiinuilutions iit piotectcd bays It is in the arctic seas that 
tins plieiiomeiioii oI»tauis its greatest develo|)meiit. Prodigious (piantities 
of terrestri.d vegetation are swept bv the Sibeiiaii livers into these waters 
and are earried \\(?st\vaids until sti.inded in sheltered hays of the coast 
and of the i.sl,iiids. Every shoal coast of Sjntzhergeii presents examples 
of these heaps of driftwood. 

/i. Iiifra-Tattoral and Deeper- Water Deposits.- - These extend from 
below low-w'ater maik to a depth of sometmms as much as 2000 fathoms, 
and reach a distance from land varying up to 200 miles or even more. 
Near laiul, and in cimiparatively shallow water, they eonsist of hanks 
or sheets of sand, more rari'ly mive«l with giavcl. The bottom of the 
North Sea, for exanipli', wliieli between llritain and the continent of 
Ennqie lies at a <lejilli never reaching lot) fathoms, is iiregularly marked 
by long ridges of sand, enclosing ben* ami there hollow's wdiere mud has 
been deposite<l. In the English ('haiinel, large hanks of gravel extend 
through the Straits of Dover as far a.s the entrance to the North Sea.* 
These features seem to indicate the line of the <*hief mud-hearing streams 
from the land, and the general di-sposition of currents and eddies in the 

* bci* tlif .oilliontit's cilftl nil j>. H‘>'ai<liiiK tin* ('Ik’mI Bant, ami K. Merrill, "Barrier- 
b«nclies oi tin- Atlaiitif’ t'd.asg” S i M<nif/th/, OctoWr 1H90; M. .Icflerswi, "Beach 
Cusps, " .hinni. jiml, 1900, ‘2‘i7 , .1 (' Biaiiiicr, up. nf. p. 4H1, 

* N. S, SIialiM on sea-coast swamps, Ulh Ami. lOp. V. S. oVo/. i^nrr. 1884-85, p. 

•' Nonlciisti'pl.l's ‘ y,,fi, Kxpe'lilioii.' /'rtri ,1X11111 s Mdtheil. KrK' 0 '^*>" 8 '»hefl 

No. IH, wlieic a map ol tln-sc ai nimiilatioiis mi tlie arctic coasts is 

^ For iiilonnalioii as to tin- Faii'lis'n ('Imiim'l ami other parts of the Bntisli. s<‘as, hM 
.1. '1'. Hariisoii, J/in, l‘,,u hid. ('ir. Emjin mi . 11818), ji. ,327 ^where a map of the siihmariM 
dejiosits will l*t* fouml) ; H. A. ('. (*o<l»in-A<ist* ii, tjuxit, df/tl. ,Srs’. m. (1849), 

p. 09— a pper ol singular interest ami imjsirUine; I>o!»<Mir, /Voc. ,4Mf>r. iv. p, 168) 
.Inhii Murray, Mm, /*,,». J,id. 4*u. Euf/m. \\, (1860-01), \»here a map of the North 
floor is given whnh is of great interest as niiln ating some ol the amient terrestnal leaturei 
of that siiltinprgeil laml-siirfat^e ; W. H. Wheeler, ‘The Sea-coast,’ 1902. 
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sea which covers that region, the gravel ridges marking tho^ tracts or 
junctions of the more rapidly moving currents, while the muddy hollows 
point to tlie eddies where the fine sediment is permitted to settle on the 
bottom. The more prominent features on tlie floor of the North Sea, 
however, are probably of much older date than the deposits now 
accumulating there. Some of them are doubtless relics of the time when 
the floor of that sea was a broad terrestrial plain. The Dogger Bank, 
for instance, is probably a prolongation of the .Jurassic escarpment of the 
Yorkshire coa.st. Other minor submarine features may be partly due to 
irregular deposition of glacial drift. 

During the course of the voyage of the Chullenger^ the approach to 
land could always be foretold from the character of the bottom, even at 
distances of 150 and 200 miles. The deposits were found to consist of 
blue and green muds derived from the degradation of older crystalline 
rocks. The blue or dark slate-coloured mud takes its colour from de-' 
composing organic matter and sulphide of iron, frequently giving ott* the 
oflour of sulphuretted hydrogen, and assuming a brown or red hue at the 
surface, owing to oxidation. Besides occurring in deposits of deep water, 
iron-disulphicle is met with in many shallow seas, and on some coasts 
it cements sand, gravel and shells into a coherent mass.* The chemical 
changes that result in the elimination of sulphides from sea water may be 
explained by supposing that the decomposing animal and vegetable matter 
of the sea-floor re<luces the sulphates to 8ulj)hides, which in turn react on 
the iron and manganese minerals (principally silicates) in the mud, 
forming sulphides of those meUds. Subsequently the oxygen of the water 
converts the sulphides to oxides, which gather into concretionary fornis.^ 
The green muds found at depths of 100 to 700 fathoms are characterised 
by the presence of a considerable (|uantity of glauconite grains, either 
isolated or united into concretions, and freciucntly filling the chambers of 
Forarninifeui or other organisms. Bound volcanic islands, the bottom is 
covered with grey volcanic mud and sand derived from the degradation 
of volcanic rocks. 'I'hcse deposits can he traced to great distances ; from 
Hawaii they extend for 200 miles or more. Pieces of pumice, scoriie, 
&c., occur in them, mingled with marine organisms, and more particularly 

• H. Rfusch, NmesJahth. 1875*, j>. ‘2.'.:. 

J, V. Buchanan, Jinf. 1881, p. fiSi. Mr. Buchanan, in renowiiij^^ this inves- 

tigation ainl ohtaiiiing many lUustiations from the sea.s arouml Kcofland, has shown that the 
muil on many ports ot the sen-lH>ttom is U*ing contiunallv passed and repas'-ed through the 
bodies of animals which Inc upon it. The mineral matter is tlius luoiight iii contact with 
the qrgftiiic secretions of the animals and is ground up with these m their milling organs. 
The reducing action of the secietion-' prodneeN .Mr. Bnchuiian lielieve.s, sulphides from the!' 
sulphates of sea-water, and these snlphlde^ noting on the ochreoiis mattei of the Ixittoni, give 
rise to sulphides of iron and maiig.niese, whiih. being \ery unstable in presence ot water and 
oxygen, are, where they he oii the surface, soon transfoimed into oxides. Pmc. Jtoy. jSoc. 
Jiih'ii, xviii. (1890), p. 17, “Ou the Occurrence of Sulphur in Marine Muds.’’ The blue mud 
on e\jx)sure rapidly turns yellow from ovulation, but the upper o\idi'>e<l layer appeal’s to 
protect the mud below, which retains its loloiir and composition. Another view of the de- 
(•ompo.siliou of the . sulphates of sea-water is proposed by Sir John Miirraj and Mr. Irvine. 
See p. 613, *n*l ixa)>er there quoted. r 



with abundant grains, incrustations and nodules of an earthy i^roxide 
of manganese (Fig. 179). Near coral-reefs the .sea-lloor is coAerod with 
a white calcareous mud derived from the abrasion of coral, and frequently 
containing Of) per cent of carbonate of lime, lltnond a depth of 1000 
fathoms, cgral'mud gives place to a (llobigerina ooze or red clav. Tln» 
east coast of South America supplies a peeuli.ir red mud which is spread 
over the Atlantic slope down to depths of more thati ‘JOOO fathoms. 

•Throughout these land-derived sediments are found minute jiarlicles 
of recognisable minerals. Of these, quartz, often in roundi'd grains, plays 
the chief part. Next comes mica, felspar, tiugite, horiibh'iule and other 
less aljundi\nt constituents of terrestrial rocks, the materials becoming 
coarser towards land. Occasional pieces of wood, portions of fruits, and 
leaves of trees in the same deposits further indicate the reality of the 
transport of material from the land. Shells of jiteropods, l!ir\al gastero 
pods, arid lamellihranchs are tolerahly ahundant in these muds, with 
many infra-litloral species of Foiamiuifmi, and diatoiuN H(‘low IbOO or 
1700 fathoms, jiteropod shells .seldom appear, while at !U)()0 fathoms 
hardly a foramimfer or any calcareous (n’ganism nMiiaiiiH,’ 

III some regions vast quantities of terrestrial \cgctation are stnovn 
over the sea-lKittom, even at depths of ‘JOOO fathoms, and at distanetw 
of several hundred miles from land. This fact has hecn observed by 
Frofes.sor Agassiz off ('entral America, both in the Atlantic and Facilie 
Oceans, hardly a .single haul of the dredge failing to bring up much vege 
Uble matter, and freijuently logs, branches, twigs, seeds, hvives and fruits “ 
R ()i Ff’lai/if'A — Passing over at present the organic deposits 

which form so cliaracteiislic a feature on the Hoor of the deeper and more 
open parts of the octsin, we come to certain red and grey clays found at 
depths of more than JUOO fathoms, down to the bottoms of the dei'pcst 
abysses. These, b}' far the most widespre.ad of oceanic dejiosits,^ eoiisi.st 
of exceedingly fine elav, cohmred soiiK'times red iron oxide, sometimes 
of a chocolate tint from manganese oxide, with grains of augite, felspar, 
and other \oleanic minerals, pieces of palagonite ;uid piiniK'e, iKKlnh's 
of peroxide of manganese, ami other mineral substances, (ogi'ther with 
Forominifmt, and in i^oriie legions a largi' pro|Hutioii (»f silieeons IlnFahuui. 
These clays result from the decoin)»osition of pumice and fine volcanic 
dust, transported from voieuiiic islands into mid o((‘.’m, or from the, 
accumulation of the detritus of suhmanne eiuptionH '[’In* ('xtreme 
slowries-s of dejiosit is strikingly hrouglit out in the tiacts of ,sea floor 
farthest removed fi<»ni land From thc'.e localities gieat iiuinhcis of 

* See {i.ifjcrs It) Mes-its. .Miiiras aii*l Keii.inl. on ji -jii-l vtil. of *'h<ilkngfr 

lleihtrl on “ Deejt-Sea I)e[)OsiLs" p li'O 

‘Tbrec CiuiM-hof the /tMr,’aii.l AW/ .lA/.. /..J xmii No. 1 flStcj). p. ]]. 

^ For iiitoniialioii re)£anlai(( the faiinu ami tUitovif'. o| tlic ot the wftrlo* 

qnotecl on p. 6S0 in.iy Ite touHnltetl , also \Hrieiis wiitinj;-' of I’rofevsoi A. A^'usmz, U'Sidea 
hi.*. ‘Three ('rniM-.s of the /i/rtAr,' vsjH-cially )m|ter.s tn An//. .I/«a TWyt, xxi. No. 4, 
and xx\m. No. 1 ; and Haeckel’s ‘ I'laiikton-Stinlien,’ IMMt. 

■* They are estimated to tover upwards of .'10,000,000 ^^l^are mile* of the sea-floor. 
Murray and In me, Huy. Site. Etlm. xvn. (18H9), p. 82. 
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sharks’ teeth, wth ear-bones and other bones of whales, wer^ dredged 
up in the Challmger Expedition,— some of them quite fresh, others 




« 

Ftif. 177. — MuRnetic Mphcrnles (Co«niic Dust) of tin* oc«tn-l)ottoiii. (MuiTay ari'l Rcnanl.) 

a, niftck sploTulc with laotiillic centn* (iiiagiiiJIwI 60 <liarneteni) from a «leptl> of 2:575 fathoijia in Soutll 

Pacific. ThiH repieaciitH tha common form of thcHa partlclca, and ahows the iiaiial dapiession on 
one ]>art of the surface. Tliere Is a hiatrous cniHt of ninf;imtite outside. 

b, Similar aphcnile (60 dmm.) from which the .Tuat of magnetic oxhle has lieen broken off to show the 

inner metalJic micleua, here repreaentwl by tlie central liKhtcr part. 21 '.O fHlhoms in the Atlantic. 


j)artially crusted with peroxide of manganese, and some wholly and 
thickly .surrounded M'ith that substance. We cannot suppose that sharks 
and whales so abounded in the sea at 
one time as to cover the Hoor of the 
ocean with a continuous stratum of 
tlieir remains. No doubt each haul of 
the dredge, which brought up so many 
bones, represented the droppings of 
many generations. 'fhe successive 
stages of manganese incrustation point 
to a long, slow, undisturbed p'uitxl, 
when so little sediment accumulated 
that the bones dropped at the beginning 
renmined at the end still uncovered, or 
oidy so .slightly covered as to be easily 
scraped up by the dredge. In these 
deposits, moreover, occur numerous 
minute sphcrular particles of metallic 
and “chondres,” or spherical 



KIg. 178. — Chouilri' (( -iMiiic DunI) n| tlm occHii- 
bottom. (.Muri-ny ami lifiiiiKl ) 
epharnle of bvonzite (um>{. 25 Uihih ) »ho\Nin(; 

th« aspect of tlie chomlroa found in the irOU 


abytmal «le|KMits. 
fathoms, Pacific. 


From « 


i depth of 3500 internally radiated pfirticles referred 
to bronzite, which are in all proba- 
bifity of cosmic origin — portions of the dust of meteorites which in the 
course of ages have fallen upon the sea-bottom (Figs. 177, 178). Such 
particles, no doubt, fall all over the ocean ; but it is only on those parts 
of the bottom which, by reason of their distance from any land, receive 
accessions of deposit, with extreme slowness — and where therefore the 
present surface may contain the dust of a long succession of years — that 
it may lie expected to be possible to detect them.^ 

* Murray and Kenard on coamic dnst, Proc, Hoy. Soc. Edin. ^884; Xature, xxix. ; 
CkalUtiyer Hfpart, vol. on “ Deep-Ben DcjKMjits," p. 327 ft seq. 
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The a1)undant deposit of peroxide of manganese over the floor of the 
deep sea is one of the most singular features of recent discovery. It 
occurs as an earthy incrustation round bits of pumice, lH)ne8 and other 
objects (Fig. ^179). The inxlules possess a concentric arrangement of 
lines not finlike those of urinary calculi. That they are formed on the 
spot, and not drifted from a distatice, was made abundantly clear from 
tljgjr containing abysmal organisms, and enclosing more or l^ss of the 
surrounding bottom, whatever its nature migiit happen to be. More 
recently Mr. J. Y. Buchanan dredged sinular small manganese concretions 
from some of the deeper parts of Loch Fync,* and sulwetpiently Sir John 



I'l,. I"'.* Mdiin.iii' M’ NimIiiIi > lio tr i>( tilt* Noitli r.ti itic I -ao t)iinl-i iixtnml xuf ^ 

A, N'imIiiI*’ I null fulliniiis shout mk (•\t**nial toi in l( Nn t i<>ii of uoiliilc tniiii '.’740 f.il lioiiis sliou lii^ 
iiiUtiihI roiici'iitni' <h')»osit. lollll•i a (raKiin nl. of )iiiiiiica. 


Murray found them abundantly at 10 fathoms in the h'irth of ('lyde. 
The materials of such concretions are probaldy <lerived from the decom* 
(>osilion of the detritus of the tnore basic volcanic rocks ami min<;ralR so 
abundantly diffused over the occiin, and the formatifin of the eoncretions 
may be analogous to the solutif)n and deposition of oxides of iron and 
raanganc.se by organic acids, as <ni lake-floors, bogs, I'i.c. (p. 01 ’J).'* In 
connection with the chemical reaction.s indic^ited by these nodules as 
taking place on the .sea-bottom, further reference may be ma<lc here to 
the still more remarkable <liscovery of Me.ssrs. Murray and Bcnanl 
in the course of their examinations of the materials brought up from 
the same abysmal deposits. Minute ei)stals, simple, twinned, or, in 

^ yatiire, x\iii. (1878), ]> G28. lint. Jus'/i ISS], p. 58;!. /'/»«•. Jini/. S»r. Kilm, lx. 

p. ‘287. Trans. Jl. S. Kdtn. xwvi, (18ftl ), p. ‘Ui'.C rM«uluf»it. (‘nm/itiH rnul. 1881, ]>. .tHU. 

^ Tliese aiitl Fig. 178 are taken from I’lnte xwiii. of the vol. <jii “ Di-ej) Sea Dcjio'^itH ' in 
the Uejyorts of tht ('haUenQrr Tiie il*'taile<l invovtigation l»j’ MessiK Murray 

and Reiiard of the ileposits olitained l»y tliH t x{><'ititir)n fonus the most imiKirtant 

coiitrihntion vet made to mir knowledge of tin; <Kt-anii ahjsses. 

Different views have l)eeri cxpresfw'd hy Sir dohn Mnriay .and .Mr. .1. Y. Iliuhanan as 
to the mo<le of origia of tin; m.arine inanganese d«j>osjts See R, Irvine and J. (JibHon, 
Pror. Roy. iioc. Jidin. xxiii. (1891), p. 54. 
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spheroidal groups, which occur abundantly nn the typical red clay of 
the central Pacific, have been identified with the zeolite known as 
pliillipsitc. These crystals have certainly been formed directly on the 
sea-bottom, for they are found gathered round abysmal organisms, and 
their production has been effected at about the.temperature bf ^2'’ Fahr. 
They occur in regions where detritus of basalt and palagonite is abundant, 
and they have probably been formed by a series of transformations 
similar to^those by which zeolites have been produced so abundantly 
among basaltic rocks on land. Some examples of red clays dredged up 
between the Society and Sandwich Islands were found to contain between 
20 and iiO per cent of the mineral.^ The importance of the^e fa 9 ts in 
reference to the cliomi.stry of marine deposits is at once obvious. 

From a comparison of the results of the dredgings made in recent 
years in all parts of the oceans, it is impossible to resist the conclusion 
that there is little in the character of the deep-sea deposits which finds ' 
a |)arallel among the marine geological formations vi.sible to us on land. 
It is only among the comparatively shallow-water accumulations of the 
existing sea that wo encounter obvious analogie.‘> to the older formations. 
And thus we reach, by another and a iicw approach, the conclusion 
w’hich on other and very different grounds has been arrived at, viz., 
that the present continental axes have exi.sted from the remotest times, 
and that the marine strata which con.stitute so large a portion of their 
pre.sont mass have been accumulated not as deep wati'r (l(‘j)osits, but in 
comparatively .shallow water along their flatik.s or ovt‘r their submerged 
ridges.- 

§ 7. Dknuiution and Dkposition. — The results of the action of 
Air and Water upon Land.‘^ 

It may bo of advaiiDigo, before passing from (lie .subject of the 
geological work of water, to consider the broad results iwhieved by the 
co-operation of all the inorganic forces by which the surface of the land 
is worn down. These results naturally group themselves under the two 
heads of Denudation and Deposition. 

1. Svhanial Ihnndation — the (jeneial lourrinti of land. 

The true measure of denudation is to be sought in the amount of 
mineral matter removed from the surface of the laud and cariied into 
the sea. This is an appreciable and measurable quantity. There may 
be room for discussion as to the way in which the waste is to be 

' “ Deep-Sfa Deposits” pp. 400-410. 

'■* /V(x;. /friy. (ieoijmpU. .S>r. July 1S70. 

'* I'hia .sectiim is nminly taken from an essay l»y the autlior, 7Vo««. Heol, S>c. (ilangmr, 
ill. p. 153. The subject ha-s Iwen <li9cusse(l anew on the lia-sis ol more exact knowledge of 
the interior of the continents and the depths of tlie sea by Sir Jolin Murraj, ScoUtnh 
iitogi-aph, Mii'j. 1887. See alao a note by Dr. C. DaviHou, t/eo/. Mtig. 1889, p. 400. A. 
El© Lapimrent, Bull, Soc. VM. /Voncr, xviii. (1890), p. 3&1. 
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apportion^ to the different forces that have produced it, hut the total 
amount of sea-borne detritus must be accepted as a fact alxmt which, 
when properly verified, no further question can possibly arise. In this 
manner the subject is at once disencumbered of ditliciilty in lixin^^ the 
relative iijporUnce of rain, rivers, frost, glaciei.^, \c . co^^uleu■(l as 
denuding agebts. AVc have simply to deal with the sum total of i('>ults 
p achieved by all these forces acting seieially and eonjoiiilly. Ihus 
coHiidered, this subject casts a new light on the origin of iMsdiig land- 
surfaces, and affords some fresh data for approximating to .i measure (d 
past geological time. 

Of the mineml substances received by the sea from the latid, l>y much 
the larger portion is brought dowm by streams; a relatively small 
amount is washed off by the waves of the seti itself. It is the former, 
or stream-borne |)art, which is at present to he I'onsidercd 'J'he 
(piantity^ of mineral matter carried every year into the (kcum by the 
rivers of a continent represents the amount l»y whi« h the general surface 
of that continent is annually lowered. Much has been written of the 
vastnea.s of the yearly tribute of silt boine to tin* oci'an by siicli streams 
as the (ianges and Mississippi; hut “tin' mere ('(nisideratnm of the 
number of cubic feet of detritu.s annually removed from any liact of 
land by its rivers does not proiliice so striking an imjiressioii upon the 
mind as the statement of how- much the mean siirfucc level of the 
district in (piestioii would be reduced by sucli a removal. ’ ‘ This 
method of iinpiiry is so obvious and instructive that it pro)>ai)ly receivi'd 
attention from early geologists, though data were still wanting for its 
proper application. Playfair, for instance, in speaking (d the traiis- 
forciice of material from the .surface of the land to the bottom id the sea, 
remarks that “ the time requisite for taking away liy waste and erosion 
2 feet frrmi the .suiface of all oui continents and dejiosiling it at the 
bottom of the sea cannot lie reckoned l(?.ss tliaii two humlred ^ears.'”" 
This estimate doc.s not appear to have been based on any ai lual nieasuie- 
ments, and must greatly exceed the tnitli ; hut it serves to indicate how 
broad wa.s the viinv that Playfair held of the theory whicii he nniiertook 
to illustrate. The first geologist who appears to have uttenqited to 
form any estimate on this subject fiom actually a.scertaine(l «laUi, waj< Mr. 
Alfred Tylor, who in the year IH.aO published a pajier in which hi' 
estimated the probable amount of solid matter annually brungliL into the 
ocean by rivers and other agents. He infcrrisl that the quantity of 
detritus now distributed over the sea bottom every ycai vvamld, at the 
end <d 10,000 years, cause an elevation of the (>cean-ie\el to the extent 
of at lea.st 3 inches.’’ The subject wa.s afterwards taken up by (.'roll, 

' Tylor, Phil. 4tli series, v. flS50), |>. UfiS. 

* • llhiitrations,’ j), 4‘.^4. Manfreili li«<i pn xiou'^l) hkuN* u < at nlatiou of Hit- aiitoiiiit 

of rain that falls over the ainl of the (junntit} of <-,irtlt_\ niatt<?r carri« 'l uiio ihc M‘a 

by rivers. He e^tlIllate^l that this earthy matter •listnlaUed over lli** sfa-bnl iimM nil'll* tin- 
level of the latter five inches in 34S years. Vou H<i(l, ‘ VeiMiHiermigen iler KidolH-rfi.K hr,' 
Band i. j>. 232. See the other authorities there cited. 

* Phil. Maij. liK. 
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who specially drew attention to the Mississippi as a measure o’! denuda- 
tion and thereby of geological time.^ 

When the annual discharge of mineral matter earned seaward by a 
river, and the area of country drained by that river, are both known, the 
one sum divided by the other gives the amount by which thef drainage- 
area has its mean general level reduced in one year. For it is clear that 
if a river carries so many millions of cubic feet of sediment every 
into the sea, the area drained by it must have lost that quantity of solid 
material ; and if we could restore the sediment so as to spread it over the 
basin, the layer so laid down would represent the fraction of a foot by 
which the surface of the basin had l)een lowered during a year. * 

It has been already shown that the material removed from the land 
by streams is twofold — one portion is cliemically dissolved, the other is 
mechanically suspended in the water or pushed along the bpttom. 
Properly to estimate the loss sustained by the surface of a (Jrainage- 
basin, we ought to know the amount of mineral matter removed in each 
of these conditions, and also the volume of water discharged, from 
measurements and estimates made at different seasons and extending 
over a succession of years. These data have not yet been fully collected 
from any river, though some of them have been ascertained with 
approximate accuracy, as in the Mississippi Survey of Messrs. Hum- 
phreys and Abbot, and the Danube Survey of the International Com- 
mission. As a rule, more attention has been shown to the amount of 
mechanically suspended matter than to that of the other ingredients. 
It will be borne in mind, therefore, that the following estimates, in so 
far as they are based upon only one portion of the waste of the land 
— that carried in mechanical suspension, — are understatements of the 
truth.- 

The proportion of mineral substances held in suspension in the water of 
rivers has been alremly (pp. 490-496) discussed. It is most advantageous 
to determine the amount of mineral matter by weight, and then from its 
average specific gravity to estimate its bulk as an ingredient in river- 
water. The proportion by weight is probably, on an average, about half 
that by bulk. 

It may seem superfluous to insist that the earthy matter borne into 
the sea from any given area represents so much actual loss from the 
surface of that area. Yet this self-evident statement is probably not 
realised by many geologists to the extent which it deserves. If a 
stream removes in one year one million of cubic yards of earth from its 

* Phil. .Miuf. for February 1867 mid .May 1868 ; hi. 1 his ‘Climate and Time,’ See also 
(fed. Matj. June 1868 ; Tmns. (frd. Soc. (flruitjoir, iii. p. I.*):!. 

- Geologists are largely indebted to Mr. Mellard Reade for the attention which he has 
given to the ini{)ortaiit part jdayed by ohoinical solution in the general denudation nf the 
land. From the data collected by him he infers, as the proportion of solids in solution in 
the water of the Missis-sippi is -,}[*, j by weight, aliout 150 millions ot tons of dissolved 
mineral must be carried by thi.s river annually into the sea. In the River Plate the propor- 
tion is mVsi i» the .St. Lawrence Amazon ^ Pre.snlential Address, 

Liverpool Geol. Soc. 1881. 
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drainage-basin, that basin must have lost one million of cubic yards 
from its surface. From the data and authorities which have already 
been adduced (p. 494), the subjoined table has been constnicted, in 
which are given the results of the measurement of the proportion of 
sediment in ^*few rivers. The last column shows the fraction of a foot 
of rock (reckoning the specific gravity of the silt at 1 9 and that of rock 
at 2 ’5) which each river must remove from the general surface of its 
dSfnage-basin in one year. 


I Naiimof 


Missisyipiu . 
Ga^jges (Upper) 
Hoang Ho . 
Rlione 
Danube 
Po 




FiUftioii (if foul of 

Aiea of basin iii 

Anmml discliarge of 

rock by wliicli llic 

stjuare miles 

Hedimeiit III nibic feet 

area ot diaiiiage i.s 
loMiMed 111 one >(‘iit 

1,U7,<KM} 

7,408,094,400 

4 in 

. ' 143,000 

6,308,077,440 

700.000 

' 17,520,000,000(0 

1 iV i 

25,000 

000,381,800 

1 s'?* 

231,000 

1,253,73.8,600 

nn’in 

30,000 

1,510,137,000 



At the present rate of erosion, the rivers named in this table remove 
one foot of rock from the general surface of their basins in the following 
ratio: — The Mi.ssissippi removes 'one foot in fiObO years; the Ganges 
above Ghazipilr does the same in H23 years;' the Hoang Ho in 14G4 
years; the Khone in 152H years; the Danube in 6840 years ; the Po in 
729 years. If the.se rates should continue, the iMi.ssissi]>pi hisin will be 
lowered 10 feet in 60,000 years, 100 feet in 600,000 years, 1000 feet in 
6,000,000. As.suming Humboldt’s estimate of the mean height of the 
North American continent, 748 fect,'-^ we find that at the Mis.sis.sijipi’s 
rate of denudation, this continent would be worn away in about four 
and a half million years. The Ganges works still more rapidly. It 
removes one foot of rock in 823 years, and if Humboldt's estimate of the 
average height of the Asiatic continent be accepted, viz., 1132 Knglish 
feet, that mass of land, worn down at the rate at which the Ganges 
destroys it, would be reduced to the sea-level in little more than 930,000 
years. Still more remarkable i.s the extent to which the river Po 
denudes its area of drainage. Even though measurements had not been 
made of the ratio of sediment contained in its water, we should be 
prepared to find that proportion a remarkably large one, if we look at 
the enormous changes which, within historic times, have been made 


' In my original pajjer the area of dramaKe of the Ganges waii given as 432,480 square 
miles. But the area from which the annual discharge of silt was there given was only that 
part of the Oangetic basin aliove Ghaiipfir, which Dr. Haughton estimated at 143,000 square 
miles {Prttr. Roy. Dublin Sdc. 1879, No. xxxix.). Hence, as he pointed out, the rate of 
erosion is really much greater than I ha<l made it. I have recalculated the rate from the 
altered data, and the re.sult is as given alwve. 

AnU, pp. 49, 49, where other and more reliable estiniates of the mean heights of the 
continents are given. But as the numbers do not affect the argument, those originally 
assumed are here retafned. 
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by the alluvial accumulations of this river (pp. 506, 516). T[f the Po 
removes one foot of rock from its drainage basin in 729 years, it will lower 
that basin 10 feet in 7290 years, 100 feet in 72,900 years. If the whole 
of Europe (taken at a mean height of 671 feet) were denuded at the 
same rate, it would be levelled in rather less than half a miHion of years. 

It is not pretended that these results are strictly accurate. On the 
other hand, they are not mere guesses. The amount of water flowg 
into the sea, and the annual discharge of sediment, have been in each 
case measured with greater or less precision. The areas of drainage 
may perhaps rerpiire to be increased or lessened. But though some 
change may be mmle upon the ultimate results just given, it is hardly 
possible to consider them attentively without being forced to ask whether 
those enormous periods which geologists have been in the habit of 
demanding for the accomplishment of geological phenomena, and mor« 
especially for the very phenomena of denudation, are not in reality far 
too vast. If the Mississippi is carrying on the process of denudation so 
rapidly that at the .same rate the whole of North America might be 
levelled in four and a half millions of years, surely it is most unphilo- 
sophical to demand unlimited ages for similar but often much less ex- 
tensive denudation.s in the geological past. Moreover, that rate of 
erosion appears, on the whole, to be rather below' the average in point of 
rapidity. The l*o, for instance, work.s more than eight times as fast. 
But as the physics of the Missi.ssip])i have been more carefully studied 
than those of jierhaps any other river, and as that river drains so ex- 
tensive a region, embracing so many varieties of climate, rock, and .soil, 
we shall probably not exaggerate the re.sult if we assume the Mississippi 
ratio as an average.^ It is, of course, obvious that as the level of the 
land is lowered, the rate of subaerial denudation decreases, so that, on the 
supposition that no subterranean movements took place to aid ol* retard 
the denudation, the last stages in the demolition of a continent must be 
enormously slow'er than during earlier periods. 

It must not bo forgotten, however, that, as already remarked, the 
estimates here given, inasmuch a.s they arc based only on the material 
removed in mechanical suspension, are probably understatements of the 
truth. If W'c take into account also the material carried away in chemical 
solution, the rate of .subaerial denudation will bo considerably heightened. 
It is difficult, however, to apportion the loss of dissolved substance from, 
the surface of the land. The salts cotjtained in solution in river-water 
are derived not only from the superficial rocks, but probably to a much 
greater extent from springs which sometimes carry up dissolved substances 
from considerable depths. In the end, no doubt, as the level of tfie land 
is reduced by subaerial waste, this subterranean solution will tell, but it 
can hardly be said sensibly to affect the loweritig of the level from cen- 
tury to century. Mr, Mellard Reade, from his researches into this sub- 
ject, believes that the amount of solids in .solution is on the whole about 

* Dr. Davison (in tlie paper titeil on p. 586) states that the annual rate of denuda- 
tion might Ik) taken from the average of the nver-basius in the table above, including those 
of the RhOne and the Nith, giving a mean of one foot in every 2409 years. 
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one-thirdfof that of those in suspension. He finds this to l)e the ratio in 
the Nile, the Danube and the Mississippi, the last-named being in many 
respects a typical river. If, as he proposes, we add this additional loss 
by chemical solution to the amount of material removed in mechanical 
suspension i/ora the Mississippi basin, the annual lowering of the level of 
the basin will be raised from to ^ of a foot.^ It is (juite true 
t^t the loss of mineral matter from the whole basin would he wpiivalont 
tothat sum, but there would obviously not be .strictly a lowering of the 
level of the basin to that amount. It is difficult to see how we are to 
discriminate between superficial and subterranean solution ; and until 
aome^epaMation of this kind is made, it .seems hardly legitimate to class 
the whole of the dissolved matter wdth that carried in mechanical suspen- 
sion as a measure of the annual loss from the surface of the land. 

There is another point of view from w'hich a geologist may advan- 
tageously contemplate the active denudation of a country. He may 
estimate the annual rainfall and the proportion of water which returns 
to the sea. If he can obtain a probable av(!rage latio for the earthy sub- 
stances conttiined in the river-water which cntiw.s the sea, he will bo able 
to estimate the mean amount of loss sustained by the whole country. 
Thus, tiiking the average rainfall of tlui Briti.sh Islands at .‘IG inches 
annually, and the superficial area over which this ram is discharged at 
1 20,000 square miles, then it will be found that the total (juantity of 
rain received in one year by the British Isles is e(|ual to about GS cubic 
miles of water. If tin* proportion of rainfall returned to tlu! sea by 
streams be taken at a third, there are 2.'l cubic miles, if at a fourth, 
there are 17 cubic miles of fresh water .sent off’ the suiface of the British 
Island.s into the sea in one year. A.ssnming, in the next place, that the 
average ratio of mechanical impurities is only o by volume of the 
water, the proportion of the rainfall returned to the sea being ], then it 
will follow that of a foot of rock is removed from llie general 

surface of Britain every year. One foot will b(* jihined aw.iv in 8800 
years. If the mean height of the Briti.sh Islands be taken at Gr)0 feet, 
then, if the ratio now assumed were to continue, these islands miglit he 
levelled in about five and a half millions of yeans. Much more detailed 
observation is needed before any estimate of this kind eari be based upon 
accurate and reliable <lata. But it illustrates a method of vividly bring- 
ing before the mind the reality and extent of the denudation now in 
progress. 

2. Sulxieriiil JJenwlatlon — (hr unrtiml nnsiou oj him! ^ 

It is obvious that the earthy matter annually removed from the 
surface of the land does not come equally from the whole surface. The 
determination of its total quantity furnishes no aid in apportioning the 
loss, or in ascertaining how much each part of the .surface has contributed 
to the total amount of sediment. On plains, watershed.s, and more or 
less* level ground, the proportion of loss may be small, wdiile on slopes 
and in valleys it may be great, and it may not bo easy to fix the true 
' T. Mellaril Rewl**, Presukhtial A«Mn‘J(8, Liverjxxjl (ieol. .Sw;. 1884-H.''>, 
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ratios in these cases. But it must be borne in mind that estimates and 
measurements of the sum-total of denudation are not thereby affected. 

If we allow too little for the loss from the surface of the table-lands, we 
increase the proportion of the loss sustained by the sides and bottoms of 
the valleys, and vice irrsd. ’’ , 

While these proportions vary indefinitely with the form of the surface, 
rainfall, &c., the balance of loss must always be, on the whole, on the ' 
side of the sloping surfaces. In order to show the full import of thisfBrt 
of the subject, certain ratios may here be assumed which are probably 
understatements rather than exaggerations. Let us tfike the proportion 
between the extent of the plains and table lands of a country, and tlje area 
of its valleys, to be as nine to one ; in other words, that, of the whole 
surface of the country, nine-tenths consists of broad undulating plains, or 
other comparatively level ground, and one-tenth of steeper slopes. Let it 
be further assumed that the erosion of the surface is nine times, greater 
over the latter than over the former area, so that wliile the more level 
parts of the country have been lowered one foot, the valleys have lost nine 
feet. If, following the measurements and calculations already given, we 
admit that the mean annual quantity of detritus carried to the sea 
may, with some probability, be regarded as equal to the yearly loss of 
of a foot of rock from the general surface of the country, 
then, apportioning this loss over the surface in the ratio just given, 
we find that it amounts to of a foot from the more level grounds 
in 6000 years, and 2 feet from the valleys in the same space of time. 
Now, if §■ of a foot be removed from the level grounds in 6000 years, 1 
foot will be removed in 10,800 yeare ; and if b feet l>e worn out of the 
valleys in 6000 years, I foot will be worn out in 1200 years. This is 
equal to a loss of only of an inch from the table-lands in 75 years, while 
the same amount is excavated from the valleys in years. 

It may seem at first sight that such a los.s as only a single line from 
the surface of the open country during more than the lapse of a long 
human life is almost too trifling to be taken into account, as it is certainly 
too small to be generally appreciable. In the same way, if we are told 
that the constant wear and tear which is going on before our eyes in 
valleys and water-courses does not effect more than the removal of one 
line of rock in eight and a half years, we may naturally enough regard 
such a statement as probably an under-estimate. But if we only permit 
the multiplying power of time to come into play, the full force of those 
seemingly insignificant quantities is soon made apparent. For we find 
byta simple piece of arithmetic that, at the rate of denudation which has 
been just postulated as probably a fair average, a valley of 1000 feet deep 
may be excavated in 1,200,000 years, a period which, in the eyes of most 
geologists, will seem short indeed. 

Objection may be taken to the ratios from which this average rate of 
denudation is computed. Without attempting to decide what this average 
rate actually is — a question which must be determined for each region 
upon much fuller data than are at present available — the geologist will 
find advantage in considering, from the point of view noW indicated, what, 
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according^ the most probable estimates, is actually in progress around 
him. Let him assume any other apportioning of the total amount of 
denudation, he does not thereby lessen the measurement of that amount, 
which can be and has been ascertained in the annual discharge of rivers. 
A certain ^Jetdl^mined quantity of rock is annually worn off the surface of 
the land. If, as already remarked, we represent too largo a proportion 
> to be derived from the valleys and water courses, we diminish the loss 
fr8W the open country ; or, if we make the contingent derived from the 
latter too great, we lessen that from the former. Under any ascertaine< 
or assumed proportion, the facts remain, that the land loses a cerlaii 
a8cert^inab(p fraction of a foot from its general surface per annum, and 
that the loss from the valleys and water-courses is larger than that fraction, 
while the loss from the level ground is less. 

* # 3. Marino Denudation — its com /hi rati re rate. 

From the destructive effects of occasional storms an exaggemted 
estimate has been formed of the relative potency of marine ero.sion. 
That the amount of waste by the sea must be inconceivably less than that 
effected by the subaerial agents, will bo evident if we consider how small 
is the c.xtent of surface exposed to the power of the waves, when con- 
trasted with that which is under the influence of atmospheric Avaste. In 
the general degradation of the land, this is an advantage in favour of the 
subaerial agents which would not bo counterbalanced unless the rate of 
waste by the sea were many thousands or millions of times greater than 
that of rams, frosts and streams, But in reality no such compensation 
exists. In order to see this, it is only necessary to pl.ace side by side 
measurements of the amount of work actually performed by the two 
classes of agents. I^et us suppose, for instance, that the sea cats away a 
continent at the rate of ten feet in a century — an estimate which probably 
attributes to the waves a much higher rate of erosion than can, as the 
average, be claimed foi- them.^ Tlien a slice of about a mile in breadth 
Avill reipiire about .'")2,300 years for its demolition, ten miles will be eaten 
away in 028,000 years, one hundicd miles in .'>,280,000 years. Now wo 
have already seen that, on a moderate comput.ition, the land loses about 
a foot from its general surface in GOOO ^asirs, and that, by the continuance 
of this rate of subaerial denudation, the continent of Kurope might be 
Avorn aAvay in about 4,000,000 years llimce, before the sea, advancing 
at the rate of ten feet in a century, could pare off more than a mere 
marginal strip of land, between 70 and 80 miles in breadth, the Avhqjo 
land might be washed into the ocean by atmospheric denudation. 

Some such results as these Avould necessarily be produced if no dis* 
turbance took place in the relative levels of sea and land. But in 
estimating the amount of influence to lie attributed to each of the 
denuding agents in past times, we reijuirc to take into account the com 

I It may l»e objected tli.-it this rate in far Iwlovs tliat of parts of the cast coast of England 
(ntUf, p, 571). But along the rocky Aveateru coast of Bntam the loss is jwrhapsuot wmntb 
(as one foot in a century^ 

VOL. I y Q 
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plicated effects that would arise from the upheaval or depressisn of the 
earth’s crust. If frequent risings of the land, or elevations of the sea^floor 
into land, had not taken place in the geological past, there could have 
been no great thickness of stratified rocks formed, for the first continents 
must soon have been washed away. But the great depth of the stratified 
part of the earth’s crust, and the abundant breaks and unconformabilities 
among the sedimentary masses, show how constantly, on the one hand, ' 
the waste of the land was compensated by elevatory movements, wlfff^, 
on the other, the continued upward growth of vast masses of sedimentary 
deposits was rendered possible by prolonged depression of the sea-bed. 

When a mass of land is raised to a higher level above^. the , sea, a 
larger surface is exposed to denudation. As a rule, a greater rainfall is 
the result, and consequently, also, a more active waste of the surface by 
subaerial agents. It is true that a greater extent of coast-line is exposed 
to the action of the waves, but a little reflection will show that this 
increase will not, on the wliole, bring with it a proportionate increase in 
the amount of marine denudation. For, as the land rises, the cliffs are 
removed from the reach of the breakers, and a more sloping beach is 
produced, on which the sea cannot act with the same potency as when it 
beats against a cliff-line. Moreover, as the sea-floor approaches nearer 
the surface of the water, it is the former detritus washed off the land, and 
deposited under the sea, which first come.s within the reach of the currents 
and waves. This serves, in some measure, as a piotcction to the solid 
rock below, and must bo cut away, by the ocean before that rock can be 
exposed anew. While, therefore, elevatory movements tend on the whole 
to accelerate the action of subaerial denudation, they in some degree chock 
the natural and ordinary influence of the sea in wasting the land. Again, 
the influence of movements of depression will probably be found to tend 
in an opposite direction. The lowering of the general level of the land 
will, a.s a rule, help to lessen the rainfall, and consequently the rate of 
subaorial denudation. At the same time, it will aid the action of the 
waves, by removing under their level the detritus produced by them and 
heaped uj) on the beach, and by thus bringing constantly within reach 
of the sea fresh portions of the land surface. But even with these 
advantages in favour of marine denudation, the balance of ^mwer will, on 
the whole, remain always on the side of the subaerial agents. 

4. Mtnine Demulation—itu final result. 

The general result of the erosive action of the sea on the land is the 
production of a submarine plain. As the sea advances, the sites of suc- 
cessive lines of beach jwiss under low-water mark. Where erosion is in 
full operation, the littoral belt, as far down as wave-action has influence, 
is ground down by moving detritus. This result may often be instruct- 
ively o))served, on a small scale, upon rocky shores where sections like 
that in Fig. 180 occur. We can conceive that, should no change of leyel 
between sea and land take place, the sea might slowly eat its way far 
into the land, and protluce a gently sloping, yet appaKmtly almost hori- 
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lontal selirage of plain, covered permanently by the waves. In such a 
submarine plain, the influence of geological structure, and notably of the 
relative powers of resistance of different rocks, would make itself conspicu- 
ous, as may be seen even on a small scale on any rocky beach (Fig. 171). 
The pres^t^ "pronto” Tories caused by the superior hardness of their 
component rocks would no doubt be represent^ by ridges on the suh- 
* aqueous plateau, while the existing bays and creeks, worn out of softer 
rc^Wfe, would be marked by lines of valley or hollow.^ 

This tendency to the formation of a submarine plain along the margin 
of the land deserves special attention by the student of denudation. 
The apgle ,at which a mjiss of land descends to the sea-level serves 
roughly to indicate the depth of water ne.jir shore. A preei]>itous coaet 
commonly rises out of deep water ; a low coast is usually skirted with 
shallow water, the line of slope above sea-level being in a general way 
jSrolonge^ below it. The belt of beach forms a kind of terrace or notch 
along the maritime slope. Sometime.s, where the coast line i.s j)reci- 
pitous, this terrace is nearly or wholly wanting. In other places, it runs 



Fig 180 -M*’Ctlun of HocK-. gruiiml tlowu to a plum on ilit- Imacli liy wuM'-nrlion 

out a good way beyond low-water mark ( )n a great scale, the floor of 
the North Se^i and that of the Atlantic Ocean, for some distance to the 
west of Ireland, may be regarded as a marine platform that once formed 
part of the European continent (Fig. IHl), and has been reduced by 
denudation and subsidence to its present position. 

So far as the present of nature has been explored, it would 

seem to be inevitable that, unless where subterranean movements interfere, 
or where volcanic rocks are poured forth at the surface, a submarine plain 
should be formed along the margin of the land. This final result of 
denudation has been achieved again and again in the geological jiast, as 
is shown by the existence of table-lands of erosion p. To these 

table-lands the name of “ plains of marine denudation ” has been applied 
by Sir A. C. Ramsay. From what has now been said, however, it will be 
seen that in their actual production tlie sea has really had less to do than 
the meteoric agents. A “ plain of marine denudation ” is that base-level f>f 
erosion to which a mass of land had been reduced mainly by the suhaerial 
forces — the line below which further degradation became impossible, 
because the land was thereafter protected by Ijcing covered by the sea. 
Undoubtedly the last touches in the long process of sculpturing were 
given by marine waves and currents, and the surface of the plain, save 

• Mr. Whitaker, in the excellent pa])er on Kuba«;rial «lenmlation cited on [>. 673, has 
pointed out the different re.snlts which are obtaiiie«l l»y the lubaeriul lorcets from thoMc of sea- 
action in the productiou*of lines of cliff. 
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where it has subsided, may correspond generally with the lowet limit of 
wave-action. Nevertheless, in the past history of our planet, the influence 
of the ocean has probably been far more conservative than destructive. 
Only beneath the reach of the waves can the surface of the abraded land 
escape the demolition which sooner or later overtakes all that rises 
above them. 
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5. Depoiition — the fmmemrk of new Imut. 

If a survey of the geological changes in daily progress upon the 
surface of the earth leads us to realise how momentously the land is 
being worn down by the various epigene agents, it ought also to impress 
us with the vast scale on Avhich new formations — the foundation of future 
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land — Ae being continually accumulated. Every foot of rock removed 
from the surface of a country is represented by a corresponding amount 
of sedimentary material arranged somewhere beneath the sea. Denuda- 
tion and deposition are synchronous and co-equal. 

On ^aud, vast accumulations of detrital origin are now in }>r()gress. 
Alluvial plains of every size, from those of mere brooks uj) to those of 

largest rivers, are built up of gravel, sand and mud derived the 
disintegration of higher ground. From the level of the present strejims, 
successive terraces of these materials can be followed up to heights of 
several hundred feet. Over wide region.s, the daily changes of teinpera- 
turet moisture and wind supply a continual dust, which, in the course of 
centuries, has accumulated to a depth of sometimes 1500 feet, and covers 
thousands of square miles of the surface of the continents. The numerous 
lakes that dot the surface of the land serve as receptacles in which a 
ceaselSss deposition of sediment takes place. Already an unknown 
number of once existent lakes has been entirely filled up with detrital 
accumulations, and every stage towards extinction may he traced in those 
that remain. 

Hut, extensive though the terrestrial eedimentaiy deposits may be, 
they can be regarded merely as temporary accumulations of the detritus. 
Save where protected and concealed under the water of lakes, they ard 
everywhere exposed to a renewal of the denudation to which they owe 
their origin. Only where the sediment is strewn over the .sea ilooi- 
beneath the limit of breaker-action, i.s it permitted to accumulate undis- 
turbed. In these (piiet depths are now growing the shalc.s, sandstones, 
and limestones which, by future terrestrial revolutions, will he raised into 
land, as those of older times have been. Between tlui modern dc'posits 
and those of former 8ea-lx>ttoms Avhich have been npheaved, there is the 
closest parallel. Deposition will ohvifuisly continue as long as denudation 
lasts. The secular movements of the crust seem to have been always 
sufficiently frequent and extensive to prevent ces.sation of these operations. 
And so we may anticipate that it will be for many geologic.id ages yet to 
come. Elevation of land will nqjair what has been lost by superficial 
waste, and subsidence of se;i bottom will provide space for the continued 
growth of sedimentary deposits. 

Section 111. Life. 

Among the agents by which geological changes are now, and, have 
in past time been, effected upon the earths surface, living organisms 
take by no means an unimportant place. They serve as a vehicle for 
continual transferences from the atmosphere into the mineral world, and 
from the mineral world back into the atmosphere. Thus, they deeonqiose 
atmospheric carbon-dioxide, and in this process have gradually removed 
from the atmosphere the vast volumes of carlxin now locked up within 
the earth’s crust in beds of solid coal. By their decomposition, organic 
acids are produced which partly enter into mineral combinations, and 
partly return to the atmosphere as carbon -dioxide. Plants abstract 
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from the soils silica, alkalies, calcium -phosphate and othe? mineral 
substances, which enter largely into the composition of the hard parts 
of animals. On the death and decomposition of animals, these substances 
are once more relegated to the inorganic world, thence to enter upon 
a new circulation through the tissues of living organisms. • 

From a geological point of view, the operations of organic life 
may he considered under three aspects — destructive, conservative and ^ 
reproductive. 

§ 1 . Destructive Action. 

Plants in several ways promote the disintegration of rocks* , 

1, By keeping the .surfaces of rocks moist, plants provide means for 
the continuous solvent action of water. This influence is particularly 
observable among liverworts, mosses and similar moisture-loving plants. 

2. By their decay, plants supply an important series of organic acids, 
which exert a powerful influence upon soils, minerals and rocks. The 
humus, or organic portion of vegetable soil, consists of tbe remains of 
plants and animals in all stages of decay, and contains a complex series 
of organic compounds still imperfectly understood. Among these are 
humic, azo- humic, ulmic, crcnic and apocrenic acids. ^ The action of 
these organic acids is twofold, (1) From their tendency to oxidation, 
they exert a markedly reducing influence (ante^ pp. 451, 469, 582). 
Thus they convert metallic sulphates into sulphides, as in the blue 
marine muds, and the abundant pyritous incrustations of coal-seams, 
shell-bearing clays, and even sometimes of mine-timbers. Metallic 
salts are still further reduced to the state of native metals. Native 
silver occurs among silver ores in fossil wood among the Permian rocks 
of Hesse. Native copper has been frequently noticed in the timber- 
props of mines ; it was found hanging in stalactites from the timbers 
of the Ducktown copper mines, Tenne8.see, when the mines were re- 
opened after being shut up during the civil war. Fos-sil fishes from the 
Kupferschiefer have been incrusted with native copper, and fish -teeth 
have been obtained from Liguria completely replaced by this metal. 
(2) They exort a remarkable power of dissolving mineral substances.- 
This phase of their activity has probably been undervalued by geologists. 
Experiments have shown that many of the common minerals of rocks 
are attacked by organic acids.'"’ There is reason to believe that in the 
decomposition effected by meteoric waters, and usually attributed mainly 
to the Operation of carbonic acid, the initial stages of attack are due 

Fki' J. Uoth, ‘ Allgeineinc und rhenusche Geologic,’ 18.S3, p. .^>96. 

2 Profes.sor Sollas h«s noticwl the formation of minute heniisi.herioal pits on limestone 
by the solvent action of a lichen, Verrvraria ‘nipedris [lint, Asaw, 1880, Sects, p. .'>86). 
See also J. G. Goodchild, oVo/. Mag. 1890, p. 464. 

•* Tliis has lieen strongly insisted npon'by A. A. Julien in a memoir on the “Geological 
Action of the Humus Acids,” Avitr, .4.wor. 1879, i*. 311. See also P. Thenard [Compt. 
Ttnd. Ixx. 1870, p. 1412), who shows that*when the humic acids, by absorbing nitrogen 
from the air, become azo-humic, the latter possess a much higher solvent action on silica, 
Combining with as much as from 7 to 24 per cent. C. W. Hayes,, BnU. fitd. Soc. Avier. 
»ili. (1897), p. 213. 
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to the powerful solvent capacities of the humic and azo>humic acids.^ 
Owing, however, to the facility with which these acids pass into higher 
states of oxidation, it is chiefly as carbonates that the results of their 
action are carried down into deeper parts of the crust or brought up to 
the surface^ * Although carbonic acid is no doubt tlie final condition into 
which these unstable organic acids ptiss, yet during their existence they 
attack not merely alkalies and alkaline earths, but even dissolve silica. 
iTe relative proportion of silica in river-waters has been referred to the 
greater or less abundance of humus in their hydrographical basins,- the 
presence of a large percentage of silica being a concomitant of a large 
proj¥)rtion of organic matter. Further evidence of the important influ- 
ence of organic acids upon the solution of silica i.s supplied by many 
siliceous deposits (p. 012). 

Wherever a layer of humus has spread over the surface of the land, 
traces iof its characteristic decomimsitions may be found in the soils, sub 
soils and underlying rocks. Next the surface, the normal colour of the 
subsoils is usually changed by oxidation and hydration into tints of 
brown and yellow, the lower limit of the weathered zone being often 
sharply defined. Where the humus acids can freely attack the 
hydrated peroxide of iron, they remove it in solution, and the dccompo.seil 
rock or soil is thereliy bleached. This may be observed where pine-trees 
grow on ferruginous sand, a rootlet one-sixth of an inch in diameter being 
by its decay capable of whitening the sand to a distance of from one to 
two inches around it.^ It has recently lieen proposed to ascribe mainly 
to the operation of the humus acids the thick layer of decomposed rock 
above noticed (p. 458) as observable so frequently south of the limits of 
the ice’of the Glacial period, and the inference has been drawn that, even 
where the surface is now comparatively barren, the miTC existence of 
this thick decomposed layer affords a presumption that it once underlay 
an abundant vegetation, such as a heavy primeval forest-growth.^ Nor is 
the chemical action confined to the superficial layers. The organic acids 
are carried down beneath the surface, and initiate that series of altera- 
tions which carbonic acid and the alkaline carbonates effect among sub- 
terranean rock-masses (pp. 470, 474). 

Besides giving rise to the formation of organic acids, plants appear 
to possess a property of nitrification whereby the decay of rocks is 
promoted. Certain bacteria are believed to have the power of decompos- 
ing carlwnate of ammonium, abstracting the carbon and liberating nitric 
acid. An instance of the action is given from the Tic Boilrri in the 
French Pyrenees, where the caleareous schists are rotten all ovdr the 
surface and are permeated by the nitrifying bacteria. The nitrogen, 
however, is probably soon again abstracted by growing vegetation. 

* Profe.sJ5or H. C. Bolton has experlmentetl on the action of citric acid (wnir, p. 1 1 7) on 200 
different mineral species, and he finds that thi-s organic acid possesses a power of dissolving 
minerals only slightly less than that of hydrochloric acid. Jhit. Aintor. 1880, Sect*, p. 606. 

* Sterry Hunt’s ‘Chemical and Geological Essays,’ pp. 126-150. 

* Eindler, Pogf^fnd. Annal. xxxvii, (1836), p. 203. J. A. Phillips, ‘Ore Deposits,’ 1884, 

p. 14. * .lulien, Amer. Ashk. 1879, p. 878. 
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Ammonium sulphate and sodium chloride, when in solution "in water, 
as in that of soils, promote the rapid decay of felspars.^ 

3. Plants insert their roots or branches between the joints of rock, 

or penetrate beneath the soil. Two marked effects are traceable to 
this action. In the first place, large slices of rock may te \fedged off 
from the sides of wooded hills or clifi’s. Even among old ruins, an occa- ^ 
sional sapling ash or elm may be found to have cast its roots rouijjJ^ 
portion of the masonry, and to be slowly detaching it from the rest of 
the wall. In the second place, the soil and subsoil are opened up to the 
decomposing influences of the air and descending water. The distance 
to which, under favourable circumstances, roots may penetrate* downward 
is much greater than might be supposed. Thus in the loess of Nebmska 
the buffalo-berry {Shepherdia argophylla) has been observed to send a root 
65 feet down from the surface, and in that of Iowa the roots of grasses 
penetrate from 5 to 26 feet.‘^ " 

4. By attracting rain, as thick forests, woods and mosses, more 
particularly on elevated ground, are believed to do, plants accelerate 
the general scouring of a country by running water. The indiscri- 
minate destruction of the woods in the Levant has been assigned, 
with much plausibility, fis the main cause of the present desiccation 
of that region.^ 

5. Living plants promote the decay of diseased and dead jilants and 
animals, as when fungi overspread a damp rotting tree or the carcjise of 
a dead animal. 

Animals. — The destructive influences of the animal kingdom like- 
wise show themselves in several distinct ways. 

L The surface-soil is moved, and exposed thereby to attack by 
rain, wind, &q. As Darwin showed, the common earth-worm is con- 
tinually engaged in bringing up the fine particles of soil to the surface. 
He found tliat in fifteen years a layer of burnt marl had been buried 
under 3 inches of loam, which he attributed to this operation. It has 
been already pointed out tliat part of the growth of soil may be due to 
wind-action {ante, p. 438). There can be no doubt, however, that the 
materials of vegetable soil are largely commingled and fertilised by the 
earth-worm, and in particular that, by being brought up to the surface, 
the fine particles are exposed to meteoric influences, notiibly to wind 

^ See Muntz, Compt. remi. cx. (1890), y. 1370, ami authoiities cited by him. On tlie 
fixation of free nitrogen by plants in the soil, see J. B. Lawe.s and H. Gillxirt, Jiturn. Hay. 
AgricuU. Soc. Eng. 3rcl scr. vol. ii. part iv. pp. 657-702 (1892). 

^ Aughey'fi ‘ Phy.sical Geography and Geology of Nebra-ska,’ 1880, p. 275. 

^ See on this disputed question the works cited by Rolleston, Jourm. Roy. (!eog, Soc. 
xlix. (1879). The practical methods for combating the destructive action of running water 
are treated of in P. Demontxey’s work, ‘ L’Extinction des Torrents en France par le Reboise- 
ment,’ 2 vols. text and plates, 1895. The destruction of forests is alleged to increase the 
number and severity of hailstorms. Information regarding the forests of the United States 
will be found in the tOlh Ann. Rep. U. 8. O. S. 1900, part v. p. 498. 

* front. QeoL 8oe. v, p. 606, “Vegetable Mould," 1881. Compare also the paper by 
Mr. Horace Darwin, "On the small Vertical Movements of a Stone lai(f*on the Surface of the 
Oround,” Proe. Roy. Soc. Ixviii. (1901), p. 263. 
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and raiif. Even a ^rass-covered surface may thus suffer slow denuda- 
tion. Lob-worms on sandy shores possibly aid transport by waves and 
tides, inasmuch as they bring up large quantities of fresh sand.' 

Burrowing animals, by throwing up the soil and subsoil, expose 
these to*b^ dried and blown away by the wind. At the same time, 
their subterranean passages serve to drain off the superficial water, 
^d to injure the stability of the surface of the ground alwve them. In 
Britain, the mole and rabbit are familiar examples. In North America, 
the praine-dog and gopher have undermined extensive tracts of pasture- 
land in the west. In Cape Colony, wide areas of open country seem 
to bo in constant state of eruption from the burrowing operations of 
multitudes of Balhyergi and Chrtfsm'hloris — small mole-like animals which 
bring up the soil and bury the gnissy vegetation under it. The 
/lecomposition of animal remains produces chemical cliangos similar to 
those resulting from the decay of plants. 

2. The flow of streams is sometimes interfered with, or oven 


diverted, by the operations of animals. Thus the beaver, by cutting 
down trees (sometimes 1 foot or more in diameter) and con.structing 
dams with the stems and branche.s, checks the flow of water-courses, 
intercepts floating materials, and sometimes even diverts the water into 
new channels. This action is typically displayed in (Canada and in the 
Rocky Mountain regions of the United States. Thousand of acres 
in many valleys have been converted into lakes, which, intercepting the 
sediment carried down by the streams, and being likewise invaded by 
marshy vegetation, have subsequently become morass and finally 
meadow-land. The extent to which, in these regions, the alluvial 
formations of valleys have been modified and extended by the 
operations of the beaver, is almost incredible. The embankments of the 
Mississippi are sometimes weakened to such an extent by the burrowings 
of the cray-fish as to give way and allow the river to inundate the 
surrounding country. Similar results have hap|)ened in Europe from 
the subterranean operations of rats. 

3. On the western prairies of North Amciica herds of large animals 


frequent the shallow wind-formed basins, 
which become almost the only receptacles 
of water in some regions. Wading into 
or wallowing in these pools, the animals 
become coated with mud, which they 
carry away adhering to their bodies until 
it drops off or dries and is rubbed away. 
By this means those lakes have, no doubt, 



been permanently deepened.^ 


Fig. 182.— .Shell. l/»riii(rs in liiiientonp. 


4. Some mollusks (Pholas, Saricava, 

TeredOf &c., Fig. 182) bore into stone or wood, and by the number of 
contiguous perforations greatly weaken the materials. Piec^es of driftwood 


* Dr. DavisoD estiniate* the amount to be sometimes nearly 2000 tons annually over 
an acre. Ged. Mag. J891. 

* G. K. Gilbert, Joum. lii. (1895), p. 49. 
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are soon riddled i^ith long holes by the teredo ; while wooden^piers, and 
the bottoms of wooden ships, are often rapidly perforated, ^xicavous 
shells, by piercing stone and leaving open cavities for rain and sea-water 
to fill, promote its decay. A potent cause of the destruction of coral- 
reefs is to be found in the boiings of mollusks, annelids and.echinoderms, 
whereby masses of coral are weakened so as to be more easily removed^ 
by breakers. Similar effects have been observed to be produce^ J)y 
snails. The hard limestone of Sulies-du-Salat, in the Haute Garonne, 
is abundantly pitted with cylindrical perforations about an inch broad 
and nearly six inches deep, made by Helix nemoralis and H. kortensis. 
The rock is thus honeycombed with cavities, which promote ots decay by 
the other agents of degradation.^ 

5. Many animals exercise a ruinously destructive influence upon 
vegetation. Of the various insect-plagues of this kind it will be enou^ 
to enumerate the locust, phylloxera, and Colorado beetle. Thu pasture 
in some parts of the south of Scotland has in recent years been much 
damaged by mice, which have increased in numbers owing to the 
indiscriminate shooting and trapping of owls, hawks and other 
predaceous creatures. Grasshoppers cause the destruction of vegeta- 
tion in some parts of Wyoming and other Western Territories of the 
United States. Animals likewise destroy each other, often on a great 
scale. Thus the occasional enormous development of the protozoon 
genera Pendininm and Glenodinium kills off the oysters and other 
mollusks in the waters of Port Jackson.’^ Various animals, in the 
process of digestion, triturate the calcareous organisms which they 
swallow, and in voiding the remains furnish calcareous materials to 
marine deposits.^ 

§ 2. Conservative Action. 

Plants. — The protective influence of vegetation is well known. 

1. The formation of a stratum of turf protects soil and rocks from 
being rapidly removed by rain or wind. Hence the surface of a district 
so protected is denuded with extreme slowness, except along the lines of 

‘ E. B. S. a. F. xxviii. (1900), p. 204. 

An occurrence of this kiml in March 1891 led to an almost complete destruction of the 
oysters, mussola and other bivalves ; the rest of the littoral fauna — limpets and other uni- 
valves, starfish, worms, ascidians and other lower forms of life — were so seriously affected 
that dead and dying were strewn about in great numbers, while the higher foinis, able to 
move rapidly, bad retired to deep water. T. Whittelegge, Rea^rds of AustraUan Mmewn^ 
CNo. 9 (1891), p. 179. 

’ The triturating action of annelids an<l other marine creatures upon the minute 
calcareous organisms which pass through their intestines is well illustrated by some ancient 
formations. It is evident that what are now extensive masses of solid limestone and 
dolomite, once existed as fine ralcareou.s silt, the greater part of which has been swallowed 
and voided by worms. The Cambrian rocks of Durness, in the north-west of Scotland, 
furnish a notable example of this action. Not only is the material comminuted, but, as 
J. Y. Buchanan has shown {ante, p. 682), it sometimes undergoes chemical change, as where 
the sulphates In sea-water are reduced to. sulphides and the blu^e mud of the aea-bottom 
acquires its distinctive character. 
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its watef-courees. A cnist of lichens doubtless on the whole protects 
the rock underneath it from atmospheiic agents.^ 

2. Many plants, even without forming a layer of turf, serve by 
their roots or branches to protect the loose sand or soil on Avhich 
they gro%^ Jrom being removed by wund. The common sand-carex 
and other arenaceous plants bind littoral sand-dunes, and give them 
^l^rmanence which would at once be destroyed were the sand laid 
bare again to the storms. In North America, the sandy tracts of the 
Western Territories are in many places protected by the sage-brush 
and grease-wood. The growth of sedges, reeds, shrubs and l)ru.shwoo(l 
along«the course of a stream not only keeps the alluvial banks fi'om being 
so easily undermined and removed as would otherwise b(‘ the cas(', but 
serves to arrest the sediment in floods, filtering the water, and thereby 
^ding to the height of the flood-plain. On some parts of tin* west 
coast of France, extensive ranges of sand-hills have been planted with 
pine woods, which, while preventing the destructive inland march of the 
sand, also yield a large revenue in timber, and have so influenced the 
climate as to make these districts a resort for pulmonary invalids/-’ In 
tropical countries, the mangrove grows along the sca-margin, and not 
only protects the land, but adds to its breadth, by forming and increasing 
a maritime alluvial belt. 

3. Some marine plants likewise aflford protection to shore rocks. This 
is done by the hard incrustration of calcareous nullipores ; likewise by 
the tangles and smaller fuci which, growing abundantly on tin* littoral 
zone, break the force of waves, or diminish the efl’ects of ground-swell. 

4. Forests and brushwood protect soil, especially on slopes, from 
being washed away by rain. 'I'his is .shown by the disastrou.s re.snlts 
of the thoughtless destruction of woods. According to I\*(*c1ur,'‘ in the 
three centuries from 1471 to 1776, the “vigueries,” or provostiy- 
districts of the French Alps, lo.st a third, a half, and oven three fourths 
of their cultivated ground, and the population has diminished in some 
what similar proportions. From 1836 to 186G the departments of 
Hautes and Basses Alpes lost 25,006 inhabitants, or nearly one-tenth of 
their population — a diminution which has with plausibility been assigned 
to the reckless removal of the pine fore.sts, whereby the steep mountain- 
sides have been washed bare of their soil. 'I’he. desiccation of the 
countries bordering the eastern Mediterranean has been ascrilKid to a 
similar cause. 

* But see the remark nlread)' made, }). fdlS, iioU; 2. 

^ De Lavergne, ‘l5coiioinie nirale de la Krann* d«|iuiH 17^0/ p. 297. 

Oot. 1864, article on Oonifcrous Trees. 

* ‘ La Terre,' 1 . p. 410. .1. C. Brown, ‘ en France/ London, 1876. Accord- 

ing to Dr. J, Garret, however, the deterioration of the chm.atc of Savoy and the diminution 
of the population there cannot bo attributed to delKjisemeiit. The rutting-down of the 
forests dates from the First Empire, but replanting has been going on for some time, and 
the forest area is now a little larger than it was last century. Nevertheless, the depopulation 
of the higher tracts, which had begun liefore last centnr>’, continue.^, notwithstanding the 
replanting of the slope|: Assoc. Franfam, 1879, p. 538 

* Recent attempts to reclothe the desiccated stone-wastes of Dalmatia with trees have 
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6 In mountain districts, pine-forests exercise also an important con- 
servative function in preventing the formation or arresting the progress 
of avalanches. In Switzerland, some of the forests which cross the lines 
of frequent snow-falls are carefully preserved. 

Animals do not on the whole exert an important conservative action 
upon the earth’s surface, save in so far as they form new deposits, as will^ 
be immediately referred to. On many shores, however, by t^jkJ^ly 
encrusting rocks, they act like the marine vegetation above allud^ to, 
and protect these to a considerable extent from abrasion by the waves. 
The most familiar example in Europe of this action is that of the common 
acorn-shell or barnacle {Balanus balanoides). Serpulas o^ten ‘encrust 
considerable masses of a coral reef, and act like nullipores, in protecting 
decaying and dead corals from being so rapidly broken up by the waves 
as they would otherwise be. But even soft-bodied animals, such gs 
sponges and ascidians, when they spread over rocks near Ibw-water, 
afford protection from at least the less violent attacks of the breakers. 
Professor Herdman, who has called attention to this subject, enumerates 
as the more important animals in protecting shore rocks : P'oraminifera 
(such as Plamrbnlina vulf/am\ calcareous and fibrous sponges, hydroid 
zoophytes, sea anemones, corals, annelids (scrpula), polyzoa, cirripedes, 
mollusks (such as gregarious forms like the mussel and oyster, and 
gasteropods like tlm limpet), and simple and compound ascidians.^ 

In the prairie regions of Wyoming and other tracts of North America, 
some interesting minor effects are referable to the herds of roving 
animals which migrate over these territories. The trails made by the 
bison, the elk and the big-born or mountain sheep, are firmly trodden 
tracks on which vegetation will not grow for many years. All over the 
region traversed by the now nearly extinct bison, numerous circular 
jmtehes of grass used to be seen which were formed on the hollows where 
this animal had wallowed. Originally they were shallow depressions, 
formed in groat numbers where a herd of bisons had rested for a time. 
On the advent of the rains they become pools of water; thereafter 
grasses spring up luxuriantly, and so bind the soil together that these 
grassy patches, or “ bison-wallows,” may actually become slightly raised 
above the general level, if the surrounding ground becomes parched and 
degraded by winds.- It is possible that, in some cases, these hollows may 
be dried up and be deepened by the action of wind, so as to become part 
of the series of wind-formed basins already referred to (pp. 437, 519). 

n 

^ 3. Reproductive Action. 

Plants. — Both plants and animals contribute materials towards new 
geological formations, chiefly by the aggregation of their remains, partly 
from their chemical jiction. Their remains are likewise enclosed in 

been attended with success. See Mojsiaovics, Jahrb. Qed. ReichmnH. 1880, p. 210 ; 
also the work of Demontzey, cited on p. 600. 

' Proc. Liverpool Ged. Soc. 1884-86. ^ 

* Comstock, in Captain Jones’s ‘ Reconnaissance of N.W. Wyoming,’ 1875, p. 176. 
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deposits erf sand and mud, the bulk of wliich they thus help to increase. 
Of plan^fo^mation8 the following illustrative examples may be given : — 

1. Sea-weeds, — It was long ago shown by Forchhammer that fucoiefs 
abstract an appreciable aipount of lime, magnesia, soda and other oom- 

. ponents oi^ serf-water, and he believed that these plants probably played 
an important*part in the accumulation of the older Palaeozoic sediments. ’ 
*Some marine algae abstract calcium-carbonate from sea-water and build 
it^i^into their own substance. A nullipore {Lithothamnmn nodosum) has 
been found to contain about 84 per cent of calcium -carbonate, 5 A of 
magnesium-carbonate, with a little phosphoric acid, alumina and oxides of 
iron apd mfinganese.- Hence the calcareous nullipores which encrust 
shore rocks provide solid material which, either giwing in siiu or ))roken 
off and distributed by the waves, gives rise to a distinct geological deposit. 
Considerable masses of a structureless limestone are formed in the Hay 
dt Naples mainly by calcareous algie. By the infiltration of watei‘ into 
the dead parts of the material the organic structure is destroyed,*'^ There 
can be no doubt that from the Paheozoic period U) the present day an 
important part has been taken by calcareous alga* in the formation of 
thick and extensive masses of limestone, such as the Tertiary Litho- 
thamnium-liraestone (Leitha-kalk) of the Vienna basin, and the Triassic 
(Tyroporella-limestonc of the Ikivarian and Tyrolese Alps.’* 

2. Jjake-plants. — In fresh-water lakes also considerable accumula- 
tions of calcareous marl arc formed by plants that secrete lime within 
their cells. Of these plants those of the stone-wort or Cluira tribe are 
most familiar in temperate latitudes. Thus in the lakes of the dura the 
species of Chora flourish predominantly at a depth of from 8 to 1 2 metres, 
and form there an extremely luxuriant vegetation. ’ In the Wurmsee or 
Starnbergersee of Upper Bavaria tin*, (.'liara-zonc extends from 2 to about 
7 metres down.*' In the lakes of Michigan, which are remarkahle for 
their extensive deposits of marl, the C/iaia lias a similar range. In some 
lakes the calcareous material aggregated by plants is increased by the 
addition of the shells of fresh -water mollusks and ostraeods.* The 
action of liog-mosses and other plants in forming calc sinter is descnlied 
on p. 6 1 1 . 

3. Humus, Black Soils, Ac. Long-continued growth and decay of 
vegetation upon a land-surface not only promotes di.sintegration of the 
superficial rock, hut produces an organic residue, tlic intermingling 
of which with mineral debris constitutes vegetable soil. Undi.stuibed 
through long ages, this process has, under favourable conditions, given 

' Brit.- Assoc. 1844, p. 155. 

Oumb€l, Abhandl. Boycrijirh. AkaJ. Wissen^rh \i. 1H7]. 

’ J. Walther, Z. D. d. xxwu. (1885), p. 829. 

^ See Hill. V. J. (>'. -S', xlvu. (1891), pp. 24.3 and 602 ; iiTcuory, xlviii. (1892), p. 
538 : Hinde, xlix. (1893), p. 230 ; Rothpletz, Z. b. H. U. xliii, (1891». 

“ M.igiiiii, Compt. rend. cxvi. pp. 535, 905. 

•* F. Brand, Botan. CentralU. Ixv, (1896), p, 1 el sty. 

^ C. A. Davis, “Natural History of Mari,” Journ. (Jeol. viil. (1900), pp, 485, 498, and 
lx. (1901), p. 491. • 



rise to thick accumulations of a rich dark loam. Such are the » regur,” 
or rich black cotton soil of India ; the “ tchernozom,” or black earth of 
Russia, containing from 6 to 10 per cent of organic matter ; and the 
deep fertile soil of the American prairies and savannahs. These formations 
90 ver plains many thousands of square miles in extent. Tlfe “^undras ” 
of northern latitudes are frozen plains of which the surface is covered 
with arctic mosses and other plants.^ 

4. Peat-mosses and Bogs.*-^ — In temperate and arctic latitu^bfl* 
marshy vegetation accumulates in situ to a depth of sometimes 40 or 50 
feet, in what are tenned bogs or peat-mosses. In Northern Europe and 
America these vegetable deposits have been largely formed by mosses, 
especially species of Sphaanum, which, growing on hill-tops, slopes and 
valley-bottoms as a wet spongy fibrous mass, die in their lower parts and 
send out new fibres above.^ Some peaty deposits have been formed in 
lakes, either by the growth of aquatic plants on the bottom, or^.by the* 
precipitation of decaying vegetation from the layer of matted plant- 
growth which creeps from shore* along the surface of the water.^ 
Occasionally these vegetable accumulations become detached, and form 
what are popularly known as floating islands.^’ In some cases, peat 

* For a full account of tlu* Tchernozoni, see Sibalzew’s large memoir already cited (unU, 
p. 460), from p. 96 to p. 106, and the table at the end ; Hume, OeoL Afag. 1894, }>p. 803, 349 ; 
and a pamphlet, ‘ ijber den Humus,’ by Dr. Von Ollecb, Berlin, 1890. It may be well to 
take note here again of the extensive accumulation of red loam in limestone regions which 
have long been exposed to atmospheric influences. To what extent vegetation may co-operate 
in the production of this loam, has not been determined. Fuchs believes that the “ terra 
rossa” is only present in dry climates where the amount of humus is sn^.all (ante, p. 457, and 
authorities there cited). 

For a general account, .see T. U. Jones, J^roc. UeoL vi. (1880), p. 207. On the 

composition, structure and history of peat-mosses, consult lleuiiie’s ‘ Essays on Peat-moss,’ 
Edinburgh, 1810; Steele’.s ‘Natural and Agricultural History of Peat-moss,’ Edinburgh, 
1826; ’I'empleton, Trails, (ie.ot. Sac. v. p. 608; H. Schiuz - (iessner, ‘Der Torf, &c.,’ 
Zurich, 18,57; Pokoiny, Verhand. Ged. Reicksaust., Vienna, 1860 ; Seiift, ‘Humus-, 
Mnrsch-, Torf-; und Limonit-bildungen,’ Leipzig, 1862; G. Theiims, ‘Die Torfmoore 
OesteiTeiehs,’ Vienna, 1874 ; J. Geikie. Trans. Rvg. Six'. Jidin. xxiv. p. 363. For a list of 
plants that supply material for the formation of peat, seed, Macciilloch’s ‘We.steru Islands,’ 
vol. i. ; T, R. Jones, above (pioted ; J. Fruh, “ Kntische Beitruge zur Kenntniss des Torfes," 
Jahrb. Oeol. Reirh.vin.d. xxxv. (188.5), p. 677, Hull. Hoc. Hutan. Same, i. (1891); W. 
Fream, Jotmi. Roy. Agnc. Hoc. England ^ 3rd ser. vol. iv. part iv. (1894). A valuable 
paper on the peat-mosses of Norwivy, then distiibution, area, enclosed plant-remains and 
geological tme, will be found under tlie title of “ Om Torfmyrer i Norge,” by G. E. Stangeland, 
Norgts Qeol. Vmiersogy No. 20, 1896, and No. 24, 1897 ; G. Andcrsson, ‘ Fiiilandstorfmossur’ ; 
J. TTolmboe, Oeol. Fbrcn. Stockholm, xxii. (1900), p. 55, gives sections of two Norwegian 
peat-moases, with the vegetation of each layer. For methods of collecting and liiv^tigatiiig 
the materials of peat-ino.ssefl, see Book V, Sect. vi. 

“ Certain bacteria aie believed by some botanists to exert much influence in the conversion 
of vegetation (cellulose) into peat, lignite and coal. See on the transformation of pldnts 
into corabustihle minerals, L. Lemiere, Qnnpt. rend. Comjrfs Ghl, Interiuit, Paris, 1900, 
p. 502 ; B. Renault, p. 646 (C. E. Bertrand, p. 458). 

For accounts of matteil vegetation covering lakes, see Land and \VtUer, 1876, pp. 180, 

282. 

Such floating islands are of frequent occurrence among the Scuiidinaviau lakes. For 


may possibly have riae^j in brackish-water conditions. There are even 
instances cited of marine peat formed of sea-wceiis (Zodcm, Fuats, Ac.).' 
Among the Alps, as also in the northern parts of South America, and 
among the Chatham Islands, east of New Zealand, various phanerogamous 
plants form oif the surface a thick stratum of peat. 

A succession can sometimes be detected in the ve^'etation out of wliioli the jh hI has 
been formed. Thus in Euro|)e, among the bottom layers truces of rush {Juiu-m,), scilgo 
and fe.scue-grass {Fcstuca) may he observed, while not iiifrcqututly an underlying 
layer of fresh-water marl, full of mouldering shells of Lhanca, rUnwrh'ts and other 
lacustrine molluskS, with traces of Chara, shows that the area was originally a lake 
which has been filled up with vegetation. The next and chief layer ol the peat will 
usually ‘be foitnd to consist mainly of matted tilnes of different mosses, jniiticiilarly 
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Spha^um, PolyirkhummA Bryum, mingled with roots of coarse grasses and aiiiiatie 
plants. The higher layers frequently abound in the innains of heatlis. Eveiy stage in 
the formation of jieat may be observed wln-re mo.s.ses are cut foi fuel ; the poi lions at 
the bottom are more or less com{»act, dark blown or black, witli ronipaiatnely little 
external appearance of vegetable structure, while tho.se at the to[» are loose, sjiongy and 
fibrous, where the living and dead jiaits of the mo.sses commingle fl^ig Ihd). 

It frequently happens that reinain.s of trees occur in peal-mosses, .Soiiietiiiies the 
roots are imbedded in soil underlying the moss, showing that the nio«,s ha,s foimed since 
the growth of the trees (see p. 438). In olhei ca.scs, the roots and tmnks occiu in ttie 
heart of theiHiat, proving that the trees grew upon the mossy sin fac-, and weio finally, on 
their decay, enclosed in growing jieat (Fig. 1 M j A succession of tn-cs has been ob.sei ved 
among the Danish peat-mosses, the Scotch fir i/'i/tws sy/vr^lrn- and white lunli (B>ln/a 

examples, see V. Olarg, (Jfol. Firren, BtLxkholiii. \ii (IHStO;, p All, \'i. (IH.M), p , 
R. Sieger, op. cd. xvi. p. 231 ; E. Svedrnaik, p. 347 . C. A. Lmdvall, p. 13K 

' J. Macculloch, ‘Sjsteni of Geology,’ 1831. \ol. n. ji. 311. Snodof, U‘tid. 

lxxxvii.^(1878), p. 267, Bobicrre, Awn. J/m'N 7me v'l. \. (1876). p. 16b. •! liild, 

Oevf. Mt'g. 1900, p 3h*l. 
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alba) being characteristio of the lower leyere j higher portions of the peat bejpg marked 
by remains of the oak, while at the top comes the common beech. Remains of the same 

kinds of trees are abundant in the bogs of Scotland and Ireland. 

The rate of growth of peat varies within wide limits. An interesting example of the 
formation and growth of peat-moss in the latter half of the seventeenth century is on 
record.^ In the year 1651 an ancient pine-forest occupied a level tract gf iRnd among 
the hills in the west of Ross-shire. The trees were all dead, and in a condition to be ^ 
blown down by the wind. About fifteen years later every vestige of a tree had dis- 
appeared, the site being occupied by a spongy green bog into which a man would^ifk 
up to the arm-pits. Before the year 1699 the tract had become firm enough to yield good 
peat for fuel. In the valley of the Somme, three feet of peat will grow in from 30 to 
40 years.* On a moor in Hanover, a layer of peat from 4 to 9 feet thick formed in about 
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30 years. Near tbo Lake of Constance, a layer of 3 to i lent grew m 24 years. 
Among tbo Danish mosse.s, a period of 250 to 300 years has been reipiircd to form a layei 
10 feet thick. Much mu.st depend upon the climate, slope, drainage ami soil. Some 
European peat-mo.sses are probably of extreme antiquity, having begun to form soon after 
the surface was freed from the snow and ice of the glacial period. In the lower parts of 
these mosses, traces of the arctic flora which then overspread so mucli of the continent 
are to bo met with. In other instances, the mos.se3 are at least a.s late as Roman times. ‘ 
Change of climate and likewise of drainage may stop the formation of peat, so that 
shrub.s and trees spring up on the firm surface. Along the Flemish coast a layer of peat 


(I Earl of Cromarty, Phil Trans, wvii, 

“ J. Kolb, Prve. Ins(. Civ. Kngin. xl. (1875), p. 35. 

'* On mosses of Flanders and north of France, see H. Debray, BitIL Giol. trance, 
3me s^r. ii. p. 46. Ann. Sac. (m. Xirnl, 1870-74, p. 19. Lorie, Arch. Mus. Teyler, 2mii 
s^r iii. part 5 (1890), pp, 423, 439. Below the moors of Oldenburg, Roman coins, weapons 
and plank-roads are found at a depth of 13 feet and upwards (Pelainanns MUtheil. 1883, 
V.). On the Bohemian peat-bogs, see F. Sitensky, Archir Landesdurch/orsch. Bohmen, 
vi (1891) ; on those lying east of the Christiania Fjonl, G. E. Staugeland in the memoir 
cited a««,’p. 606 ; on those of Schleswig-Holstein, R. v. Fischer-Benzon, Abh. Xatmneiss. 
Ver. Hamburg, xi. (1891). 
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containing jnoeses, rashes, and other fresh-water plants, underlies four or hve feet of clays 
and sands with marine shells, indicating a subsidence and re-elevation of the country.* 
Peat-mosses occupy many thousand square miles of Europe and North America.* 
About one-seventh of Ireland is covered with bogs, that of Allen alone comprising 
238, 600 acres, wi Jh an average depth of 25 feet. Where lakes are gradually converted into 
bogs, the intrsby vegetation advances from the shoies, and somotimes form.s a matted 
^treacherous green surface, beneath which the waters of the lake .still lie. The decayed 
ve^table matter from the under part of this crust sinks to the bottom of the water, form- 
ing tffere a fine peaty mud, which slowly grows upward. Eventually, as the spongy 
covering spreads over the lake, a layer of brown muddy water may ho left between tlie 
still growing vegetation above and the mudtly deposit at the bottom. Heavy rains, by 
augmenting this intermediate watery layer, sometimes make the centre swell up until tho 
matted Ikin of“nioss bursts, and a deluge of black mud pours into the surrounding country. 
The inundated ground is covered [lermancntly with a layer of black iicaty earth.'' 

. From the treacherous nature of their surface, iieat-mosses have fie(]ueutly been tho 
r^c])tacles for bodies of men and animals that ventured U}>ou them. As pe^t povsesses 
great antiseptic power, these remains are usually in a state of excellent pieservation. 
In Ireland, skeletons of the extinct large Irish elk {Meyaceros hiUrmevs) lia\o liecii 
dug up from many of tho bogs. Human wea]M)nH, tools, and oriiameiith liave been 
exhumed from peat-mossos ; likewise craunoges, or pile-dwellings (constiucted in the 
original lakes that preceded the mosses), and canot*s hollowed out of single trees, 

5. Mangrove-swamps. — On the low' moist shores and river-months 
of tropical countries, the mangrove- tree plays an important geological 
part. It grow's in such situations in a dense jungle, sometimes twenty 
miles broad, which fringes the coast as a green .selvage, and runs uj). if it 
does not wholly occupy, creeks and inlets. The mangrove flourishes in 
sea-water, even down to low-water mark, forming there a dense thicket, 
which, as the trees drop their radicles and take root, grows outwanl into 
the .sea. It is singular to find terrestrial birds nestling in the brandies 
above, and crabs and barnacles living among the roots below. Hy the 
network of subaqueous radicles and roots, the water that Hows ofl’ tho 
land is filtered of its sediment, which, retained among the vegetation, 
helps to turn the s[)ongy jungle into a firm soil.'* On the coast of 
Florida, the mangrove-swamps stretch for long distanced, as a Ixilt from 
five to twenty miles broad, which winds round the creeks and inlets At 
Bermuda, the mangroves co-operate with grasses and other plants to 
choke up the creeks and brackish lakc.s. In these waters calcareous 
algai alwund, and, as their remains are thrown up amidst the sand and 
vegetation, they form a remarkably calcareous soil (})p. 161, 443).'* 

6. Siliceous Sinter, Diatom-earth or Ooze. — Various alga' 
(Diatoms) and some bog-mosses {Ilj/pnujii) can flourish in the hoi water 
of thermal springs and abstract from it a jelly of .silica, which on ilryirig 

* Ann. Mines, 7me ser. x, p, 468. 

'■* For an account of the fre.sh-water morasses and swamps of the United Htates, see 
N. S. Shaler, 10th Ann. Rep. U. S. (jl. S. 18H0, p. 

* For a recent’ example, see Nature, Iv, (1897), jip. 254, 288. 

* The growth of mangrove swamps is dcsenl»cd by Professor Shaler in the Annual 
Report of the 0«pl(^cal Survey cite<l above, p. 291. 

* See Nelaon, Q. J. ded. Soc. ix. p. 200 ei see /. ; J. J. Rein, BeridU Senckenb. Naturj. 
Get. 1872-73, p. 139 ; 'V\Vville Thomson's ‘Atlantic,’ i. p. 290 {anU, pp. 161, 443). 
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generally becomes a loose pulverulent sinter, though evaporatjjon of the 
water may harden it into a firm mass. The most familiar accumulations 
of this nature now in course of formation are probably those of the 
warm water marshes supplied by the hot springs of the Yellowstone 
Park, where the oozy deposits and drier meadows cover ra^ny square 
miles, sometimes to a depth of six feet.^ Waters which contain t(X) 
small a proportion of silica to (leposit sinter of themselves, may thuf 
become an abundant source, of this material through the operat»r>»of 
diatoms and bog-mosses.-^ “Infusorial” earth and “tripoli powder” 
consist mainly of the frustules and fragmentary debris of diatoms, 
which have accumulated on the bottoms of lacustrine areas, the purer 
varieties contJiining 90 to 97 per cent of silica. They form beas some- 
times 50 feet thick, which may be cemented into a Hint-like substance 
by the solution and re deposit of some of the silica. (Kichmond, Virginia*; 



Fig. 186.— Diatom oo/c ilifilgutl up the Chulltitgci I'Apeililiou fiom u deptli of l!i60 lalhums la the 
Antarctic Ocean, lat .V.r 85' 8 , long 108’ OS' K Mfignilu-d 300 diameters. 


Bilin, Bohemia; Aberdeen.sliire.) It is on the sea-floor, however, tha 
the most wide-spread deposits of diatom-ooze are to be found. Ihatoimcei 
occur in abundance, both in the surface-waters of the ocean and on th 
bottom. In the Arctic Ocean and in the seas around the Shetlanc 
Islands living diatoms sometimes form vast floating ^anks of a yellowis 
slimy mass, which impedes the prosectition of tlie herring fishery.^ Th 
frustules of the.se plants accumulate at depths of from 1260 to 197 
fathoms, as a pale straw-coloured de[)Osit, which when dried is white an 
very light (Fig. 185). Messrs. Murray and Irvine estimate the area ( 
aea-bottora covered with diatom ooze at 10,420,600 square miles, and th 
mean depth of the surface of the deposit at 1477 fathoms below sea-level 
Diatoms have contributed a not inconsiderable part of the material ( 

' W. H. Weed, Botanical t/azette, xiv. (1889), p. 117. 

® W. H. Weed, Amrr. Joum. iki. xxxvii. (1889), p. 3/>9. The action of 
aduncum is adduced as an illustration of the less frequent precipitation of silica and t 
production of siliceous sinter by mosses. 

* Sir J. Murray and Mr. Irvine, Proe, Roy. Soc. Edin. xviii. (1891 ), p. 231. On the sow 
whence marine plants and animals obtain their silica, see ante, ]>. 575, and j}osleay p. 625. 

* Proc. Roy. «St»c. JSdin, xvii. (1889), p. 82. For a detailed account of diatom-ooze, i 
the volume of the Chaiknger Report on " Deep-Sea Deposits” pp. 208-218. 



various sinters and earths in the Tertiary and Cretaceous forma- 

tions of Kurope.^ 

6. Chemical Deposits formed by Plants. — Besides giving rise 
to new formations by the mere accumulation of their remains, plants do 
so also both directly and indirectly by causing precipitation from chemictil 
solutions.* This action has already been noticed as exemplified by the 
calcareous accumulations formed by imllipores atid fresh water alga*, and 
hj[ yie siliceous sinters and diatom-earths. But some further details 
concerning the general chemical results of the co-operation of vegetation 
may be given here. A conspicuous precipitation from calcareous springs 
known as calc-sinter was formerly thought to be merely an inorganic 
precipitate ^f lime Hut it is now known to be immediately caused 
by the action of different aquatic plants. While the (7/um deposits the 
jjarbonate within its own cells, the mosses ll/tpnuut, Brj/uni, tV:c., precipitate 
Uie mineral as an inorganic incrustation outside their stems.- 

Some observci-s have even niaiiUaineil that this is the u<*niial nntdc (»| j)ro<luction 
of calc-.siiiter in large masses like those ol Tivoli ^ It is ceilainly leinaikahle that 
this suhstance may he oh-served encnisting fibrous hunches of moss {Hypiiuiti, &e.), 
when it can he found in no other part of the walft -course, and this, too, at a s})ring 
containing only O'O.'tl of carbonate. It is evident that if the dejKtsit n| cale-siiitcr were 
due to mere evaporation, it would be more or le.ss equally spiead along the edges and 
shallow parts of the cliannel. It apjieais to aiise tiist fiom the decomposition of 
dissolved carbonic aeid by the living plants, and it pioceeds along then glowing stems 
and (Hires. yuh8e(jueiitly, evaporation ami loss of eaihon-dioxide cause the carbonate 
to he preeijiitated over and through the iihious .sinter, till the snhstanee may become a 
solid ciystalline stone. Varieties of sinter are Iraceahle to oiiginal ditrennces in the 
plants precipitating it. Tims at WeisKenhiunneii, mar Sehalkan, in (’’entral Geimaiiy, 
a cavernous but compact .siiitei is ina<le by Ilyfrnum nKdlu.srutii, while a loose jkiious 
kind gathers upon iJidi/ntodon mpiUacem * 

llesides calcium -carbonate, vegetable life has tlie power of can.siiig the precipitation 
of silica. The most signal e.xamples of thi.s operatum aie furnished ut some liot sjuingb 
where, as above leinarkcd with regard to the geyser distiiel of the Vellowstono Park, 
extensive sinter dejKjsits aie largely tornied by vegetation, winch causes the siliceous 
material to he thrown dow'n as a still gelatinous substance, in many varied forms 
Algie are chiefly ooiicerned in this proees-i. On the death of the plant the jelly-like 
mass, which consists if the siliceous filaments of the alg:e and their slimy envoloja*, 
loses part of its water, becomes checse-like in coiiMsfenoy, and hnally hardens into 
stone,® 

' L, Cayeu.\, Ann. .Sue. <iU. Nmd, \l\. (IStH), p. <JU ; ('ompt nnd. rxi\. (1892), 
p. 375 ; and liis important monograph already eiled, ‘Contrihutioti a I’l^tude des Terrains 
W'dimeutaiies, ’ especially chap. iii. 

“ Mr, Davis observes that tins precqutation is iioti* eahle on the leaves and sterns of the 
higher plants, and that nearly all vegetation growing m water is concerned in prodininf it. 
Jonnu (Jed. viii. p, 485. 

* On the influence of alga* m the formation of the travertine of Tivoli, sec F. Cohn, 
News Jahi-b. 1864, p. 580 ; G. vora Hath, Z IK a. ff. xviii. (1866). p, 502. 

* See V, Schaiiroth, Z. 1). (f. <J. lii. (1851), p. 137. Cohn, in the paj>er Just cited, 
gives some interesting information as to the plants try which the sinter u formed, and their 
work. In Scotland, Hypnum, commutalum is a leading sinter-former. 

® W. H. Weed, Olh Ann. Rep. U. S. <f. R. 1889. Amer. Juarn. Set. xxxviii. (1889), 
p. 861. 
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The humus acide (p. 598), which possess the power of di8so\ying silica, 
precipitate it in incrustations and concretions. Julien describes hyalite 
crusts at the Palisades of the Hudson, due, as he thinks, to the action 
of the rich humus upon the fallen d6brij of diabase. The frequent 
occurrence of nodules of flint and chert in association with organic 
remains, the common silicification of fossil wood, and othef similar close 
relations between silica and organic remains, point to the action of 
organic acids in the precipitation of this mineral. This action* may 
consist sometimes in the neutralisation, by organic acids, of alkaline 
solutions charged with silica, sometimes in the solution and re-deposit of 
colloid silica by albuminoid compounds, developed during the decom- 
position of organic matter in deposits through which silica has been 
disseminated, the deposit taking place preferentially round some decaying 
organism, or in the hollow left by its removaU 

Again, in the formation of extensive beds of bog-iron-ore, the agency bf 
vegetable life is of prime importance. In marshy tlat.s and shallow lakes, 
where the organic acids are abundantly supplied by decomposing plants, 
the salts of iron are attacked and dissolved. Exposure to the air leads 
to the oxidation of these solutions, and the consequent precipitation of 
the iron in the form of hydrated ferric oxide, which, mixed with similar 
combinations of manganese, and also with silica, phosphoric acid, lime, 
alumina and magnesia, constitutes the bog- ore so abundant on the 
lowlands of North Germany and other marshy tracts of northerr 
Europe.’^ On the eastern sea board of the United States, large tract.* 
of salt-marsh, lying behind sand-dunes and bars, form receptacles foi 
much active chemical solution and deposit. There, as in the Europear 
bog-iron districts, ferruginous sands and rocks containing iron art 
bleached by the solvent action of humus acids, and the iron remove( 
in solution is chiefly oxidised and thrown down on the bottom. Ii 
presence of the sulphates of sea-water and of organic matter, the iro 
of ferruginous minerals is partially changed into sulphide, which o 
oxidation gives rise to the precipitation of bog-iron.^ The existence c 
beds of iron-ore among sedimentary formations affords strong presumptio 
of the existence of contemporaneous organic life by which the iron ws 
dissolved and precipitated. 

Animals. — Animal formations are chiefly composed of the remains c 
the lower grades of the animal kingdom, especially of Mollusca, Aednozo 
and Fmminifera, 

1. Calcareous. — Lime, chiefly in the form of carbonate, is tl 
n.ineral substance of which the solid parts of invertebrate animals a 
mainly built up. The proportion of carbonate of lime in sea-water is 

^ Julieu, Proc. Amer. Assoc, xxviii. (1879), p. 396 ; .Sollas, A7m. Mag. Nat. Hist. N 
Dec. 1880 ; J. Roth, 'AUgera, chem. Geologic,’ p. 576 ; Dr. Von Ollech’s pamphlet ci 
onlff p. 606 ; LcC’onte, Amcr. Journ. Sci. 1880, p. 181. 

* Forchhammer, News Jahrb. 1841, p. 17 ; ante, p. 581. 

* Julien, ojp. cit. p. 347, and ante, p. 187. For a discussion of the conditions for 
formation of the Swediih lake-orei, see H. Sjogren, Oeol. Firren. Stockholm, xlU. (181 
p. 8TI. 



613 


SECT, iii § 3 OALVAREQUS DSFOSITS VUE TO ANIMALS 

small as to have presented a difficulty in the endeavour to account for 
the vast quantities of this substance eliminated by marine organisms. Mr; 
J. Y. Buchanan, however, has suggested that the testaceous denizens of 
the sea assimilate their lime from the gypsum dissolved in sea-watci*, 
forming sfllpbide in the interior of the animal, which is transformed into 
icarbonate on the outside.^ Mes.srs. Murray and Irvine have (‘xperi- 
Tupn^lly proved tliat sea-animals can secrete carbonate of lime from .sea- 
water from which carbonate of lime is rigidly excluded, and thus that 
the other lime salts, notably the sulphate, are made use of in the juoces.s. 
They infer that the living tissues of the lower animals and the eilete 
secretions of higher forms produce carbonate of ammonia, which in 
presence of the sulphate of lime of sea-water becomes carbonate of lime 
^d sulphate of ammonia.- The great majority of the accumulations 
farmed of animal remains are calcareous. Those organisms which secrete 
their lirrite as calcite produce mon; durable skeletons or tests than those 
which accumulate it in the form of aragonite (p. 155). Hence among 
geological formations aragonite shells have in large measure disappeared.* 
In fresh water, accumulations of animal remains are represented by 
the white, chalky iiual of lakes, which con.sists in largo jiart of the 
mouldering remains of MoUrn'ii, Kniomodiaca and Omyh or other fresh- 
water algie. On the sea-bottom, in shallow water, they consist of b6ds 
of shells, as in oy.ster-banks. Under favourable conditions, extensivi' 
deposits of limestone are now being formed on the .sea-floor in tropical 
latitudes. Murray, from observations made during the Challenger voyage, 
estimates that in a square mile of the tropical ocean down to a depth of 
100 fathoms there arc more than IG tons of calcAreous matter in the 
form of animal and vegetable organisms,'* These surface organisms, when 
dead, are continually falling to the bottom, where their remains accumu- 
late as a soft ooze. On the floor of the Weal Indian seiis, as originally 
described by Pourtale.s, where an extraordinarily abundant fauna is 
supported by the plentiful supply of food brought by the great occian 
currents which enter that region from the South Atlantic, a calcareous 
deposit is being formed out of the hard parts of the animals that live on 
the bottom (mollusks, echinmlemis, corals, alcyonoids, annelids, Crustacea, 
<.^c.), mingled with what may fall from the upper water. This deposit 
accumulates as a vast submarine plateau or series of broad banks, and is 
comparable in extent to some of the more important limestones of older 
geological time. Some portions of it have here and there (Barbados, 
Guadeloupe, Cuba, Ac.) been elevated above the sea, so that its ccyn- 
position and structure can be studied. The organisms in these upraiscil 

* Brit. Assoc. 1881, 8(-cts. p. 584. 

* Proc. Roy. Sue. EJin. xvii. (1889), p. 89. 

* Sorby, Presidential Address Geol. Soc. 1879 ; P. F. Kendall, (Jed. Mag. 1883, p. 497 ; 

V. Cornish and P. F. Kendall, iftol. Mag. 1 888, p. 60. nie last-named observer remarka 
that all reef-building corals have aragonite ^keletons, while those of all the deep-sea forms 
which he had studied were of calcite {Rep. Bnt. Assoc. 1896, p. 789). See postea, Book V'. 
$ H. 2. * 

^ Proc, Roy. Soe. Edin. .x. (1880), p. 608. 
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limestones are the same as those which still live, and form a similar 
limestone in the surrounding seas. In Yucatan the rock is perforated 
with caverns, one of which is 70 fathoms deep.^ 

Here and there considerable deposits of broken shells hav^ been pro- 
duced by the accumulation of the excrement of fishes, as Verri'd has pointed 
out, on the north-eastern coasts of the United States. Deposits of broken*’ 
shells, raised above sea-level either by breakers and winds or by^ sifb- 
terranean movements, are solidified into more or less compact shelly 
liniestone. Extensive beds of this nature, composed mainly of species of 
Arm^ Lutrami, Madra, <fec., form islands fronting the shores of Florida, and 
likewise underlie the soil of that State. Some of the shells stilf retain 
their colours. The whole mass is in layers 1 to 18 inches thick, quite 
soft before exposure to the air, but hardening thereafter, and much of ft 
exhibiting a confused crystallisation.^ It is known locally as ^Coquink. 
The calcareous dunes of Eermuda have been already referred to (p. 443). 

Conil-refifs ? — But the mo.st striking calcareous formations now in 

’ A. Agiussiz, Amer Aaxd. \i. (188‘2), p. Ill ; and ‘Three Cniises of the lilnle ’ 
Sec also papers by Messrs. Jukes-Browne and Harrison, J. S. (1891 \ j>. 197 ; 

vlviii. (189*2), p. 170 ; Iv. (1899), p. 177, on the oceanic deposits of Barbados and Trinidad ; 
and for the general subject, Sir d, Murray on “ Marine Organisms and their Environment.” 
JVutvir, Iv. (1897), p. 227. 

® H. D. Rogers, Jinf, Asaoc. Rep 1834, p. 11. 

* The literature devoted to the structure and origin of Coral-reefs has grown to large jiro- 
portions in recent years. The following list includes the more important contributions to 
the subject : — Darwin, * The Strurture and Distribution of Coral Islands,’ 1842; 2nd edit. 
1874; 3rd edit, by Professor Boiiney, 1889; Dana, ‘(.'orals and Coral Islands,’ 1872; 2nd 
edit. 1890 ; Juke.s’s ‘Narrative of Voyage of H.M.H. Fly^' 1847 ; C. Semper, ZeUarh.Wmen, 
Zool. xiil. (1863). p. .'>58; Vrrhumil, Phys. Med. deadbeh., Wurzburg, Feb. 1868; ‘Die 
Philippinen nnd iliro Bewohner,’ 1869, p. 100; J. J. Rem, Seuchuh. Xaftirf. fba., Wurz- 
burg, 1869-70, p. 157 ; J. Murray, /bv»c. Roy. ,S’w. Ediii. x, |>. 50.'>, wn. (1889\ p. 79 ; 
A. Agassiz, .\fein. Ainer. Acad. \\. (188‘2), p. 107 ; (Hawaii) Hvll. Mus. iUmjmr. Zool. 
Iloi'card, wii. (1889), p. 1‘21 ; xx. (1890), p. 61 ; xxiii (1892), p. 1 ; (Bahamas and Cuba) 
xxvi. (1894), pp. 1-203 ; (Bermudas) xxvi. (1895), p. 209 ; (Australian Barrier-ri'ef) xxviii. 
(1898), p. 95 ; (Fiji) xvxiii. (1899), pp. 3-167 ; Amer. Jour. Set. ii. (1896), p. 240; v. (1898), 
p. 113; xiii. (1902), p. 297 ; Mem. Mua. Vonip. Zool. Harvard, xxvi. (1902), pp. 1-113 
(“Preliminary Report .{Ibatnm Expedition across Tropical Pacific") ; C. P. Sluiter, on the 
coral-reefs of the Java Sea, Natuurkand. Ttjd. Sederhtndsch. Indie, \b\. (1890) ; J. Walther, 
on the coral-reefs of the Sinai peninsula, .ihhand. Math,-Pliy.'<. Run, Raclia. (ieedl. xiv. 
(1888) ; H. B. Guppy, Pm\ Linn. Si>c. X. S. WaU.<i, i\. part 4 ; Truna. Roy. .JV-r, Edin. 
,\x\ii. (1885) ; ‘The Solomon Islands,’ 1887 ; J. C. Bourne, Xoture, xxxvii. (1888), pp. 415, 
64y : Admiral Wharton, ibul. pp. 303, 393 ; xxxvill. (1888), }.p. 207, 568 ; xliu (18901, pp. 81, 
86, 172, 222; Iv. (1897), p.390; (^.J. d. A’. Iv. (1898), p. 228; A. Heilprin, ‘The Bermuda 
Islands,’ 1889 ; Proc. Arad. Xai. Sci. Phdudelphia,\S90, p. 303 : Jukea-Browne and Harrison, 
Barbados, Q. J. d. K \lvil. (1891), p. 197 ; xlviii. (1892), p. 170 ; Walther, Pfltrvi. Mitth. 
Ergauz. No. 102 (1891) ; J. J. Lister (Tonga Island), Q. J. O. *8. xlvii. (1891), p. 690; W. 
Savile Kent, ‘The Great Barrier-reef of Australia,’ Loudon, 1893 (pp. 387, 64 plates) ; G. 
Gerhind, “ Die Koralleninscin vornehmlich der Sttdsee,” BeitrUge zur dcAtphya. ii. (1894X PP* 
25-70 ; A. Kramer, ‘ Ueber den Bau der Korallenriffe an deu Samoauischen Kiisten,’ pp. ix, 
174, Kiel and Leipzig. 1897 ; “Tlie Atoll of Funafuti,” published as Memoir III, of the 
Australian Museum, Sydney, 1896-98; J. S. Gardiner. Proc. Cainbrtdye Phil. S(K. ix. (1898), 
p. 417 ; W, J. Soll8.s Xoture, Iv. (1897), p. 187 ; “Funafuti; the Study of a Coral-atoU,” 
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progress fcre the reefs and islands of coral. These vast masses of rock 
are formed by the continuous growth of various genera and species of 
corals, in tracts where the mean temperature is not lower than 68" Fahr. 
Coral-growth is prevented by colder water, and by the fresh and minldy 
water di^har^ed into the sea by large rivers. One of the esse?itia! 
, conditions for the formation of conibreefs is abundaiiee of food for the 
reef-builders, and this seems to bo best, supplied by the great oquatonal 
currents. It is observed that on the eastern coasts of Africa, Central 
America ^and Australia, bathed by ocean currents, extensive coral- 
reefs flourish; while on the western coasts, m corresponding latitudes, 
where, no such powerful currents flow, only isolated jMitchcs of coral 
exist. ^ 

^ Darwin and Dana concluded that reef-huilding corals cannot live at 
^epths of more than about fifteen or twenty fathoin.s; they ajipeai, indeed, 
not to thrive below a depth of six or seven fathoms. Tliey cannot survive 
exposure to sun and air, and consequently aio unable t<» grow above the 
level of the lowest tides. They are likewi.se pre\ente(l from growing by 
the presence of much mn<l in the water. \'a?i<)u.s obs<‘rvationR and 
cstima,te8 have been made of the lato of growth of ceral. Individual 
specimens of Ma'amlrina have been found to increase from half an inch 
to an inch in a year, and others of MtuiiCfiom have grown three inches 
in the same tinie.'^ Specimens of Miiiuniia and hoj^hyllui, 

taken from the .submarine telegiuph- cable between Havana ami Key 
West, showed a growth of from one to two and a half inches in about 
seven yeans, A. Agas.si/. estimates that in tb<‘ Fl(»rida reef the corals 
could build up a reef from a depth of seven fathoms to the surface in 
1000 or 1200 years.'^ When coral-reefs begin to grow, either fronting 
a coa.st-line or a submarine bank, they continue to advancii outward, 
the living portion being on the out.side, while on the in.side the mass 
consists of dying or dead coral, wbicli beconuis a n)li(l white compact 
limestone. In the coral area of the I’.icific there are, according to Dana, 
290 coral-islands, besides exten.sive reef.s round other islands. The 
Indian Ocean contains some grmips of largo coral islands ; otheis occur 
in the Red Sea. Keefs of coral occur Ics.s abundantly in the- tropical 
parts of the Atlantic, among the West Indian Islands and on the Florida 
coast, but they are absent from the I’acific side of (’entral America — a fact 
attributed by T'rofessor Aga.ssiz not to a cold marine current, as suggested 
by Professor Dana, but to the enormous amount of niml jioured into the sea 
Xaiwed iScifuee, .taji, 1899, p. 17 , t’rofcvsor H'Hinc\ , Anfuif, tvii ji. 137 ; up. cil. lix. (1898), 
pp. 22, 29 ; Mrs E<lKewortli Ila\i<l, ‘ Fninifiiti, or, Tliri-e Mouths on a (’oral-lslantl,’ liOt^ion, 
1899; E C. Andrew* on “The Liniestont-s of llie Fiji Islands,” ItiiJi. Mun. Comp. Zool, 
Harvard, xxxviii. (1900), p. 1 ; H. T. Hill, “The <;eoloKy of Jamaica,” o;/ nf. xxxiv. (1899), 
pp. 1-256; C. W. Andiews, * Christm.is Island,’ 1900, pp. mii. 3.37 qmhhshed hy Trnslowi 
of Brit. Musenm) ; Hume, (,’>>iiipf. rnul. CM. hd'inut Porm, 1900, p. 923 (Red 

Sea) ; J, W. Spencer, J. C. S. Ivii. (1901), p 490 (West Indies). 

’ A. Agawiz, Ainer. AciuK xi. (1882), p. 120. 

* Dana, ‘Corals and Coral Islands,’ 2nd edit. 1890, p. 12.3. 

'■* Avier. Ami. xi. (1882), p. 129. See also JlnU. Mn». (Ump. ZM. Harvard, xx. (1890), 

p. 61. • 
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on this side during the rainy season.^ The great reef of Australia is 1 260 
miles long and from 1 0 to 90 miles broad.* 



Fij;. 1S7. -Clmilo! Kt-elin^' AImII, Iiuliaii Oceau (aftfi Daiwiii). 

The white iMiitJOii lepreMMitH tiie reefaiKive ^ea-lexel, tlie inner shaded space the lanimn, of which 
tlie dee|)est ixirtion is iimrke<l liy the darker tint. 


polyps. It is largely composed of calcareous foraminifera, which are 

» Bull. Mus. Comp. Zool. xxiii. (1892), p. 70. 

• See the memoir by A. Agassiz, and the volume of W. Savile-Keut, cited on p. 614, and 
a paper by H. 0. Forbes, (ieograph. Joum. ii. (1893), p. 640. 
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washed in among the living and dead cCral.^ 
It gradually loses any distinct organic struc- 
ture, and acquires an internal crystalline 
character like an ancient limestone, owing 
to the infiltration of water through its mass, 
^ whereby calcium-carbonate is carried down 
and deposited in the pores and crevices, 
as a growing stalactite (p. 178). (ireat 
quantities of calcareous sand and mud arc 
produced by the breakers which beat upon 
the opter ^dge of the reefs. This detritus 
is partly washed up upon the reefs, where, 
Jejng cemented by solution and re-deposit, 
^it aids in their consolidation, sometimes 
acquiring an oolitic structure;- but much 
of it is swept away by the ocean currents 
and distributed over the sea-floor, the water 
becoming milky with it after a storm. 
Around volcanic islands much lava-detritus 
may be mixed with the coral-sand and mud. 
Thus at Hawaii, where great abrasion by 
the waves takes place on the ends of the 
lava-streams which have run out to sea, 
large quantities of olivine siind are formed, 
the grains of this mineral varying from th(! 
size of a bean or pea downwards to the 
finest particles. This sand becomes mixed 
with the coral detritus, and is also inter- 
stratified with it in layers.^ 

‘ Guppy, ‘Solomon iHlands,’ p. 73; Traiit Roy. 
Soc. Min. xxxM. (1885), pp. ,545-581 ; Lister, V- G'. S. 
xlvii. (1891), 11 . 602. 

^ See Daiia'e ‘Corals aud Coral Islands,’ pp. 152, 
194 ; A. Agassiz, Amrr. Aaul. xi. (1882), 

p, 128. 

^ A. Agassiz mentions that after a storm the sen is 
8ometime.s discoloured by this silt to a distance of mx 
to ten nules from the outer reef, and he adds that he 
has seen between two and three inches nf fine silt 
deposited in the interval Wtween two tides after a 
prolonged storm : Amer. Aaul. xi. p. 126. The total 
area of sea-floor covered with coral ••and and mud is 
estimated by MessrA Murray and Irvine at 3,219,800 
square miles. Proc. Roy. Soc. Min. xvii. (1889), p. 82. 

^ W. L. Green, Journ. Roy. Hcol. Sk. Ireland, iv. 
(1887), p. 140. This author suggestively points out 
the resemblance of such a mingling of cal<;areou8 
material and magnesian silicate to the rningleil 





limestones, serpentine*^ and ophicalcites of the rrystallme schists. 58ollas, Proc. Royal 
Dublin Sue. (1891), p. 124. 
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As already mentioned (p, 390), the formation of corahislaiids has 
been explained by Darwin on the hypothesis of a subsidence of the sea- 
floor. The circular islands, or atolls, rising in mid-ocean, have the 
general aspect shown in Fig. 186. Their external form may be under- 
stood from the chart (Fig. 187), and their structure and the chaiacter of 
their surface from the section (Fig. 188). They rise with sometimes 
tolerably steep slopes from profound depths, until they reach the surface^ 
of the sea. Hut as the coral polyps do not live at a greater depth than 
about 15 or 20 fathoms, and could not have grown upw'ard therefore 
from the bottom of a deep sea, Darwin inferred that the sites of these 
coral-reefs had undergone a progressive subsidence, the rate of their 
upward growtli keeping pace, on the whole, with that of their depression. 
On this view, what is termed a Flinging Reef {x B, Fig. 189) wouJd^ 
first be formed fronting the land (l) between the limit of the 20-fathom, 
line and the sea-level (s s). Growing upward until it reached the surface 
of the water, it would be exposed to the dash of the waves, which would 



break oft* pieces of the coral ami heap them upon the reef. In this 
way islets would l>e formed upon it, which, by successive accumulations of 
materials thrown up by the breakers or brought by winds, would remain 
|>ermanontly above water. On thesis islets, palms and other plants, 
whose seeds might be drifted from distant or adjoining land, would take 
root and flourish. Inside the reef, there would be a shallow channel 
of water, communicating, through gaps in the reef, with the main ocean 
outside. Fringing reefs of this character are of common occurrence at 
the present time. In the case of a continent, they front its coast for a 
long distance, but they may entirely surround an island. 

If, according to the Darwinian explanation, the site of a fringing reef 
undergoes depression at a rate sufficiently slow to allow the corals to keep 
pace with it, the reef may be conceived to grow upward as fast as the 
bottom sinks downward. As the reef grows mainly on its seaward 
edge, the lagoon channel inside will become deeper and wider, while, at 
the same time, the depth of water outside will increase until a Barrier 
Reef (a' b', Fig. 189) is formed. In Fig. 190, for example, the Gambler 
Islands (1248 feet liigh) are shown to be entirely surrounded by an 
interrupted barrier reef, inside of which lies the lagoon. Prolonged slow 
depression would continually diminish the area of the land thus encircled, 
while the reef might retain much the same size and position. At last the 
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Snal peak of the original island might disapjiear under the lagoon {i\ Fig. 
189), and an Atoll, or true coral-island, would be formed (a" a", and Figs. 
186 and 187). Should any more rapid or .smlden downward movement 
take pl^^e, k might carry the atoll down beneath llio surface, like the 
Great Chagos bank in the Indian Ocean, winch is a submariFie alolj. 

This simple and luminous explanation of tl»e history «d ooral-reef's 
"C#)rded well with all the known facts and h'd uj) to the imp!essi\e 



11*0 '< hart oHj.tiiiLtHM l-.lunilh, I'.n ilu *»>'( Bir<li\i 


conclusion that a vast aiea of the Pacihc Ocean, fidly bOUO geographical 
miles from ea.st to west, ha.s undergone a recent subsidence, and may be 
slowly sinking still. 

Mr. Darwin’s views having been generally accepted by geologists, 
coral-islands have been regarded with .special interest as furnishing 
proof of vast oceanic subsidence. In the year 1868, Semper pointed 
to some cases of atolls M'hich, he .sud, could not lie explained by 
Darwin’s theory. The Pelew Islands, at the western end of tlie ( aroline 
archipelago, show true atolls at their northern extremity, while at 
their southern end, only 60 miles away, there are laised coral-reefs, 
and an island ^itirely destitute of reefs. Soni|jer considered that the 
atolls had grown up under the influence of jieculiar conditions of marine 
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currents and erosion, simultaneously with elevation rather than sub- 
sidence.' In 1870, J. J. Rein cited the case of Bermuda as one capable 
of explanation by upgrowth of calcareous accumulations from the bottom 
without subsidence.- Subsequently, Sir John Murray, whose researches 
in the Challengur Expedition led him to make detailed exalnination 
of many coral-reefs, remarked that barrier-reefs do not necessarily • 
prove subsidence, seeing that they may grow outward from the l^nd. 



Fig. 191. Section of a Volcanic Cone of loose ashes snpjtosed to have been thrown up on the sea-flqQr 
and to have reaclicj the sea-level {B.) ^ 

upon the top of a talus of their own debris broken down by theVaves, 
and may thus appear to consist of solid coral which had grown upward 
from the bottom during depression, although only the upper layer, 20 
fathoms or therealiouts in thickness, is composed of solid, unbroken coral 
growth. He pointed out that in the coral-seas the islands appear to have 
always started on volcanic ejections, at least that all the non-calcareous 
rock now visible is of volcanic origin. Where the submarine peak lay 



below the inferior limit of coral growth, it may have lieen brought up 
to the requisite level by the gradual accumulation of the remains of 
organisms.^ Where the original eminence rose above the sea, the pro- 
jecting portion (Fig. 191) may be supposed to have been cut down to 
the lower limit of breaker-action (a a\ so as to offer a platform on 
which corals might build reefs (i k) up to the level of high-water 
(6 b). Or with less denudation, or a loftier or more durable cone, a 
nucleus of the original volcano might remain as an island (Fig. 192), 
from the sides of which a barrier reef might grow outward, on a talus 
of its own d(^bris (r r), and maintain a steep outer slope. According 

^ See Seiiiper's papers quoted in footnote on p. 614. In the Appendix to the second 
edition of -his ‘ Coral Reefs ’ (p. 223) Mr. Darwin replied to Semper’s criticism, maintain- 
ing that his objections present no insuperable ditficnlty in the theory of subsidence. 

'■* See paper cited in footnote on p. 614. 

* “ A submarine peak,” says Profes.«ior A. Agaasiz, “ is built up by the carcases of the 
invertebrates that live upon it, and for which the pelagic fauna seizes in part as food,” 
BiiU. Mua. Cinnp. Ztn>l. Ifarvanl^ xvii. No. .3 (1889), p. 127. 
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to thiSjView the breadth of a reef ought, in some degree, to 1)6 a 
measure of its antiquity. 

To the obvious objection that this explanation requires the existence 
of so many volcanic peaks just at the proper depth for coral growth, and 
that th^ number of true atolls is so great, Sir John Muiray replies that 
in several tk^ays the limit for the commeneenient of coml-growth may be 
reached. Volcanic islands may be reduced by the waves to mere shoals 
191), like Graham’s Island, in the Meditermiiean, and the lecent 
volcanic islands in the Tonga grouj) above described ([>. .‘134).' On the 
other hand, submarine volcanic peaks, if originally too low, may con- 
ceivably be brought up to the coral-zone by the consUint deposit of the 
detritus of marine life (foraniinifera, radiolaria, ptcropods, I'cc.), which as 
above stated, is found to be very abundant in the upjicr wati’is, whence 
•"'fTdescends as a kind of organic rain into the depths. Sir John Murray 
'holds also that the <lead coral, attacked by the sohent action of the sea- 
water, is removed in solution both from the lagoon (which may thus be 
deepened) and from the dead jjart of the outer face of tin* retd, which 
may in this way acquire greater steepness.- 

Professor A. Agassiz has arrived at similar conclusions from an 
extensive series of detailed explorations among the cor.d-ie(!fs and sub- 
marine banks of the West Indian seas and tlu' Pacdic Ocean, and the 
Great Barrier-reef of Australia.'^ lie believes that barrier-reefs and 
atolls have arisen without the aid of Mib.sidence, upon a {)latform pre- 
pared for them by the upward growth of submarine c.alcar(‘ous banks, 
under the most favourable condition of ocean - cun cuts, temperature, 
and food. 

Observations have now inultiplied wliicb j'lovc tint in niaii\ places nlieic; atolls 
exist there has unquestionably been a niovcmiut <>l nplnav.il. ( oirolRwatin/f the 
original deductions of Somjter and Rem, Tiofeshor Agnssi/ lias .shown lliat in the 
Pacific Ocean ujiheaval lias extended ovei tin* whob* o( tin* I'lp gioup. w)n*i(* it lias 
exceeded 1000 feet in amount, and has uplilted a mass ofT< iii.uy roi.illifeiotis lime- 
btone, which in the Tonga islands foiins a (bll luoi.* tlcin 1000 feet high, lie has 
observed that the islands, where not voloann*, an* mainly made uj» of this limestone, 
which must at one time have had a wide extent, and that in the Tonga, So. tety and 
Cook groups the recent corals have played no pait in the (oimation of tin* land, hut 
form a mere thin crust or shell on platfoims which hax.* been ievell.d lot them by the 
sea, either in the Tertiary limestone, or in xul.amc lo.ks.'* lie has noted abundant 
terraces marking former shore-lines at sm*eeb.sive elevation.s. On the island of Niue 
(or Savage Island), to the east of the Tonga group, tlnee such lenae.*s oe, m at heigl.ts of 
6 to 10, 50 to 60, and 90 to 100 feet, while la. to the north, on the i.diind of Kota, at tho 
wTj^^^diarUni 1897. p. 390) believe*, that the sea <an eut d^ip^n a 

volcanic cone to l.elow 20 fathoms, and that m tins way vohain. peak, wl.iel, .eached .sea- 
level may l)e reduced to the depth requued fot .oral-growth. Kor examples of the rapid 
levelling down of new volranie cones by the waxes and the rcluttion of an island to a 
sunken reef, see anU, p. 333 et seq. 

* Proc. Roy. Soc. Edin. 1880, p. 50.5, untf, i». 566. As alrea<ly staled, Professor Agassiz 
also attributes great importance to this solvent iK>wer of the sea ir. Inweimg the level of .lead 
coral-reefs and limestones. BM. Mu,. Cmp. Z<xd. xxviii. U896), p. 39. 

• See the list of his contributions to the subject cited on p. Cl 4. 

< Mm. Mus. Co%p. Zool. Harvard, xxvi. (1902). p. 34. 




southern end of the Lsdrones, no fewet than seven may be o(mnted.' Professor Agasaix 
shows that' atolls do not always rise from profound depths, but, as in the of the 
Fyi group, may be formed on the top of eminences nsing from a submarine platform, 
which may not be moro than 800 fatlxoms beneath sea-level.* He has found likewise 
proofs of elevation along the coast of Queensland fronting the Barrier-reef, where 
for a distance of more than 1000 miles the uprise is said to exceed *2500 Jeet. In 
the New Hebrides upiaised coral reefs have been met with at 1.500 feet abervo sea-level.® 
As already stated ([». 382), evidence of elevation of coral-reefs has likewise been collected 
from the Solomon Islands* and from Southern Japan. It would thus ap^war that \yde- 
spread traces of upheaval have been mot with all over the Pacitic basin, which has been 
claimed as eH|iecially a region of subsidence. 

Similar testimony has been gathered in the western part of the Atlantic ha.sin, with 
its connected enclosed .seas Tims the whole of the We.st Indian region, except the 
leeward .side of the Windward Islands, di.sjday.s on its numerous coral-fringed islands a 
succession of terraces which muik an intcriuptcd and uncfjual elevation of the sea- 
bottom. In Barbados the uplift has amounted to nearly 1100 feet. Near the Wififl'^ 
ward Pa.ssage it is at least 800 leet, and it duiniiishes thence towards the north, south ' 
and west, being only a few feet at (.olon, and in .Southern Florida.*^ 

Again, in the Indian Ocean and the Red .Sea, proofs of the elevation of coral-reefs 
present themselve.s. The mu.st sti iking examjile yet recorded fiom this logion is that 
of Christmas Island, which appears to be a volcanic cone 15,a00 (eet high, of which the 
upjier 1100 fei't use above the level of the sea. The volcanic pile has been covered with 
a mas.s of Teitiaiy limestone, in i\liieli the latest lavas ami lulls of the submarine 
volcano are inteiealati'd. The summit of the islami is covered with reel deposits, and 
is believed to have been an atoll. •* 

From this accuniulatioTi of evidence, it must now, I think, be conceded 
that the wide.spreiid oceanic subsidence demanded hy Darwin’s theory 
cannot be demonstrated by eoral-ieofs. 'I'hc co-existence of fringing and 
barrier-reefs, and of atolls, in the same neighbourhood with proofs of 
protracted stability of level or with evidence of actual and considerable 
upheaval, likewise the successive stages whereby a true atoll may be 
formed without subsidence, have in some cases been demonstrated so 
clearly that we mu^t admit the possibility that the same mode of forma- 
tion may extend all over the coial-st^as. At the same time, it may be 
granted that the necessary conditions for the formation of barrier-reefs 
and atolls might sometimes he brought about by sulisidence. So long as 
a suitable bottom is provided for coral growth it is probably immaterial 
whether this is done by the submergence of land or by the ascent of the 
seu-tloor. That subsidence has in some cases taken place may be indicated 
by the depth of some atoll-lagoons— 40 fathoms, — unless this depth can 
be supposed to be due to solutioti by sea water, and not to the progressive 
deepening during a subsidence with which the njiward growth of the 
roe*! couUl keep pace. 

’ cit. p. 42. - O/). fit, pp. 20. 21. 

■' (J. FroUeruk, <,>. ./. (/, *s'. xhx. (1803), p. 227. 

* Seo works ol Dr. Clupjiy, cited on p[>. 382, 814. 

® A. Agassiz, linlL Miis. Comp. Zwtl. Jiarvard, x.wi. (1894), pp. 108-166 ; Hill, op. cit. 
xxxiv. p. 219 ; Jukes-Browne and HarriMui, Q. J. 0\ S. xlvii. p. 209. 

® C. W. Andrews, ‘A .Monograph of Christmas I.slaiid, Indian Ocean,’ published by 
the British Mnsenin, 1900 ; and ante, p. 338. 
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Obviously, if the doctrine of subsidence, hs taught by Darwin, were 
true, it ?rould imply the accumulation of enormously thick coral forma- 
tions over the vast areas of the ocean-basins. It was Imig ago objected 
to this doctrine by one of the shrewdest geologists of last century that its 
acceptar^fe ijnplied the existence of such fonnatioiis at least 2000 or 
3000 feet ‘thick ; that if such masses arc forming now, tliey may ))e 
- presumed to have been jiroduced also in earlier geological times, but 
thfi; nowhere on the land which represented a former sea-bottom liad 
any bed or formation of coral oxen oOt) feet thick been discovered.’ 
Lyell, in answering this criticism, remarked that while it was jnematun^ 
to assert that there are no recent coral forniation.s uj)liftefl to great 
heigITts, there exist in the Alps and Tyrenecs mass«‘S of “ Cn^Uceous 
and Oolitic limestones, 3000 or 4000 feet tliick, in givat [lart made up 

coralline and shelly matter, which may present us with a tine geological 
•counterpart of the recent coral-reefs c(|Uatoi lal seas." - I’ut obscrvation.s 
have nfultiplicd in recent years, and .Maclaren’s acute uhjVctioii ha.s been 
sustained. It ha.s 1)ecn ascertained, wlierc coral-reefs liavc been upraised 
for hundreds of feet above sea level, that the whole of the calcareous 
mass is not coral rock, hut consists mainly of a lower formathm of 
calcareous detrital materials, on wliich the corals have begun to build, 
exactly as postulated l)y Messrs. Murray and Aga^.^i^ Tins (alcareoiis 
substratum may be recent or of dVrtiary age in I'lji, wlimi; it has 
been upraised to more than ItMIO feet abo\e the sea, it is probably 
Pliocene, or, in the low(*r parts, even older. As tlu' niixleni coral reefs 
have been built oti a denuded surface of this older Inmcstont', it is ol)vious 
that any Itoring through the modern reef in such islands must pa.ss 
through a great thickness of limestone, iii winch a few- corals may occur, 
before it leaclies the underlying volcanic .summits Hence, as Profes.sor 
Agas.siz has pointed out, the naent boimg at Puriafuti will not really 
solve the problem of atoll -foimatioii. Novxhcie have the sheets of 
upraised coral-ieefs been found to be nion* than 200 to 250 feet thick, 
which may be assumed to l»e the max i mum tlnekness of the reefs that 
are now growing. On tiie Flonda “ Key.s,’' where a recent coral-reef 
has been elevated from 2 to H f»‘et altoxe sea-level, the total thickness 
of coral formed since Piioienc time has only been aliout 50 f»‘et The 
reef is based on Tertiary limestone. Ke. examination (d’ ihe limestones 
of the Eastern Alp.s, wdiich were legarded as true coral reefs, upwards 
of 2000 feet thick, has proved them to he of d<*tiital oiigin, tlie true 
reefs being not more than 150 feet, thick ^ 

Ooze , — The bed of the Atlantic and other oecan.s is covered with a 

» 

^ Charle.s Maclaren, Edin. Xew I’hil. Jui'rn 1S43. 

* • Pniu:ipl4<«,’ edit 1886, a. p. 606. 

^ A^ssiz, JixUl. Mus. Cmj>. Zool. Ifanon/, xxvi p. 171<; xxvm. (IHSiO), p. 31 ; Anotf. 
Joum. Sd. vi. (1898), p. 165. RothjileU, ‘Kin her QnersiJimtt diirch die Oil- 

Alpen,’ Stuttgart 1894, part i. pp. 52-68. Ogilvn- (OV.*./. Maq. 1894, pf>. 1, 49), in 
describing the coral-banks among th«* liinestoiK-s el the Southern 'I’jrid, )ias staU'd tli.at, in ao 
far as they bear on theories of coral-reefs, they lend suj»port to the more modern x iew rather 
than to that of Darvfn, 
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calcareous ooze formed of the reipains of f'oraminifera, chiefly spe< 9 e 8 of the 
genus Glohigerina. It has been observed that in these deep-sea deposits, 
the larger and relatively thinner pelagic shells are rare or absent at greater 
depths than 2000 fathoms, while the thicker-shelled varieties abound. 
This has been referred to the solvent action of sea- water,' whrreby the 
more fragile forms are attacked and removed in solution (ank^ pp. 566, 62 1). 
These organisms do not live in the deeper water, but in the upper layers, 
whence their dead forms fall as a constant rain of calcareous matter to 
the bottom. Among abysmal deposits, foraminiferal ooze ranks next in 
abundance to the red and grey clays of the deep sea {p. 583). It is a 
pale -grey marl, sometimes red from peroxide of iron, or brown from 
peroxide of manganese ; and it usually contains more or less clay, even 
with occasional fragments of pumice. It covers an area of the N orth 
Atlantic probably not less than 1300 miles from east to west, by severaT^ 
hundred miles from north to south. The total area of ocean -bottom 
occupied by globigerina-ooze is estimated at 47,752,500 square miles, 
the mean depth of the surface of the deposit below sea-level is computed 
to be 1996 fathoms, and the mean proportion of carbonate of lime in 
the ooze 64*53 per cent.^ 

The consolidation of a soft calcareous ooze or a mass of broken shells, corals and 
other calcareous organisms, effected by the percolation of water containing carbonic 
acid [ante, pp. 178, 617), is most rapid with copious evaporation, as, for instance, 
on coral-reefs where exposure to the air in the interval between two tides suffices for 
the deposit of a thin crust of hard limestone over a surface of broken coral or coral- 
sand.’* Recently upraised limestone and coral -rock have in some places assumed a 
crystalline structure by this process, and the more delicate organisms have disappeared 
from them. But the calcareous de^iosits may acquire, even under the sea, sufficient 
cohesion to be capable of being broken up into blocks. On the submarine plateau off 
Florida, the trawl or dredge frequently brings up large fragments of the limestone now 
in course of formation on the bottom, consisting of the dead carcases of the very species 
that live upon the surface of the growing deposit.^ 

2. Siliceous. — Deposits formed from animal exuviae are illu8ti*ated 
by another of the deepsea formations brought to light by the Challengin' 
researches. In certain regions of the western and middle Pacific Ocean, 
the bottom was found to be covered with an ooze consisting almost 
entirely of Eadiolaria. These minute organisms occur, indeed, more or 
less abundantly in almost all deep oceanic deposits. From the deepest 
sounding taken by the Challenger (4475 fathoms, or more than 5 miles) 
a radiolarian ooze was obtained (Fig. 193). The spicules of sponges 
likewise furnish materials towards these siliceous accumulations. The 
nuiiber of marine plants and animals which secrete silica is so great, 
and the proportion of that constituent in sea-water so minute, that some 

* Murray and Irvine, Proc, Roy, Soc. Edin. xvli. (1889), p. 82. 

^ A. Agasfeiz, Avier. Acad. xi. (1882), p. 128. 

® A. Agassiz, op. cit. p, 112. Some of the upraised oceanic deposits of Barbados, accord- 
ing to Messrs. Jukes- Browne and Harrison (^. J. d. ^. xlviii. p. 170), present a close re- 
semblance to those ascertained by dredging to be seen in progress of accumulation in deep 
parts of the ocean. For a comparison of globigenna-ooze with chalky see L. Cayeux’s work 
(cited on p. 106), chap. xiii. 
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difficultyihas been felt to account satisfactorily for the vast awantitios of 
silica continually being abstracted from the ocean by organic agencies. 
Messrs. Murray and Irvine, however, as already stated, })avo shown that 
an appreciable amount of fine clay is present even in the Mater of raid- 
ocean, art! ^tBey have ascertained by actual experiments with living 
^ diatoms that these plants can obtain their silica from dift’iised <‘lay in 
suspension.^ 



Fip' — ItailiolaiiHii « ►(!/.■ 

I)re<lK*‘'l Mp by lh(* < Kvii'-ditioii, fictiii a 'b‘pUi(»f 447'’> fatlioms, m lat II N , lunj? 143" JO K. 

M.iKnillt*il 100 (liauiH«*r-< This i'< fnim the dcciMMl wlit'iiif Imii )<t bun (lr-H<1nwl 

Abundant cxaiuples of ailicoous htruta (clierU, Hinthb formed by the aggiegation of 
the remains of radiolaria or sjion^o sjiKules, ocxuir among the nu-ks of the oaitli s omst 
from the Cambrian system upward Tliey sliow that the jiioeess of Mlieihoation, 
already alluded to (anfc, p. 179), comes into play in smh deposits, which consist not 
merely of the siliceous organi.Hins but of silica, which has bciri ib-positcd among them, 
and has cemented them into an exceedingly ( ompact st(uie “ In many cases silica ha» 
replaced the original carbonate of lime ol the oiganism.s \vln«b aie tbns piescrvcd as 
casta or {>seiidomorplis in flint or chert. Tins tiaiisformatioii has Iteeii demonstrated 

^ Murray and Irvine on .siliceoii>. depoMts of nmili-rn /b.»e /{ov, Sx hjiui, xBU. 
(1891), p. 229, and oa/e, p. .’>7.'*. 

* Kvamples of some of these ancient siIhtoh'- sfrnt.i will Is cilcd m Hook V T. In 
illustration, reference may l»e made to .i paper bv Professor Sollas, Anv. Mug. A»//. Hut. 
1880, pp. 384, 437 ; and a latei paper, “ A Contribution to the Natural History of Flints,’ 
Proc. Roy. hohlin. .SV. 1887 ; to three by Dr. Hmde. Rhil T,n„K 188f., part il. p. 403 ; 
^W, May. 1887, p. 435; 1888, p. 241 ; to one on jhjtlmiually tlim Udded radiolanaii 
cherts in California, by Messrs. A, Lawson and C Pal.aehe, HuU. dmt. I’nir. Cah/mnia, 
vol. ii. No. 12 (1892), ly. 349-450 ; and to the disdission of the subject by M. Cajeux in 
chaps, i.-iii. of his work cited on p. 106 
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artificially by Professor Church, who in a dilute soTution of colloid silica ((sonverted c 
coral into silica.^ There can be no doubt that on the floor of the Cambrian, CarboniferouE 
and Cretaceous seas this transformation went on abundantly, the carbonate of lime 
being slowly dissolved and replaced by silica, sometimes in such detailed perfectior 
that the original minute structures of the organisms have been well preserved. 1 1 
must be admitted, liowever, that no modern flints, either complete or in course ol 
formation, have yet been dredged up from the bed of the sea at the present day. 

3. Phosphatic. — Deposits of this nature, in the great majority «f 
cases, betoken some of the vertebrate animals, seeing that phosphate 
of lime enters largely into the composition of their bones, and occurs in 
their excrement (p 180). The most familiar modern accumulations of 
this nature are the guano-beds of rainless islands off the western coasts of 
South America and Southern Africa. In these regions, immense flocks 
of sea-fowl have, in the course of centuries, covered the ground witlwuB* 
accumulation of their droppings to a depth of sometimes 30 to 80 feels 
or even more. This deposit, consisting chiefly of organic maoter and 
ammoniacal salts, with about 58 per cent of phosphate of lime, has 
acquired a high value as a manure, and is being rapidly cleared oft’ 
It could only have' been preserved in a rainless or almost rainless climate. 
In the west of Kurope, isolated stacks and rocky islands in the sea are' 
often seen to be white from the droppings of clouds of sea-birds ; but it 
is merely a thin crust, which is not allowed to grow thicker in a climate 
where rains are frequent and heavy. 

It has been discovered that the jaolongeil existence of guano ii[)oii tiachyto gives rise to 
a remarkable alteration, uherein the silioio acid is gradually replaced by pliosphoric acid. 
The result is the formation of a hydiated phosphate of alumina ami iron. In tliis 
process of phospbatisation, Mr. Teall, who traced its stages from specimens obtained 
from Clipperton Atoll, found tha’t while the characteristic tmeroscopic structure of the 
volcanic rock is preserved, and tlie phenocryst-sof .samdiiie have remained comparatively 
little affected, the ground mass is replaced by isotiopic secondary material, which in 
some cases has wliolly or partially filled the places of the .sanidines, forming a pseudo- 
morph of trachyte.''* The interstitial material of the rock is first attacked, then the 
microlitic felspars of the ground-mass, and last of all the porphyritic sanidinos. A 
similar instance of phospbatisation has been found on the summit of Christmas Island 
in the Indian Ocean. Thick deposits of nearly jiiire pho.sphate of lime cap several oi 
the higher hills, and doubtless represent the effeots of percolation from the deposits of 
guano which accumulated on the low’ coral-islets close to sea-level before the atoll was 
uplifted. On one of the hills the rock consists largely of phosphates of alumina and 
iron, wliich may mark the position of a volcanic sheet, such as one of tuff, like those 
found on lower parts of the island. Hydrated phosphate of alumina has likewise been 
found on the floor of a bone-cave in the valley of the Ccsse in H^rault, under a deposit 
cqfitaiuing mammalian remains.^ It is obvious, indeed, that wherever terrestrial 
mammalia congregate, and especially where thev die and leave their carcases, phosphatic 
deposits may be formed if the conditions are favourable for the preservation of the 
remains. Caves haunted by hysenas serve as receptacles not only for the bones and 
excrement of tliese animals, but also for bones of the various animals which they 

* Jmtrn. Cken. Soc. xv. p. 107. 

J. J. H. Teall, J. G. S. liv. (1898), p. 230. 

^ C, W. Andrews, ‘ Christmas Island,’ pp. 271, 289. 

* A. Gautier, (Jompt rend. exvL (1898), p. 1491. Deposits ii|. Redonda, West Indies, 
and at Conn^table, an island off French Galana, have probably had a similar origin. 
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have dra^f^ there as fooJ. Hence in limestone countries “ osseous breccias ” are often 
found below the layer of stalagmite on the floor. Again, along the swanifiy margins of 
lakes and salt-marshes the bodies of wild animals are often mired in the boggy gruiuul 
and perish there, and their bodies gradually sink below the surface. Hence iiho-sphatic 
accumulaticMs arile sometimes on an extensive scale, as has happened in dlll'erent [tartN 

of the United fstates,^ 

• 

^ ^osphatic concretions, which are abundant on many hori/uns among 
the geological formations, have had their origin greatly elucidated l>y the 
deep-sea observations of recent years. It has been as<’ertained that 
phosphate of lime occurs in variable proportions aniotig tlie deposits of 
the sea-floor. In the organic oozes it is alway.s pre.sent, tliougli tlie 
qnantity may be less than 1 per cent. It has been found in marked 
jprftjiortion among the deposits around continenUil shores, and is especially 
a^ociated with glauconite in the green sands and blue muds. Hut it is 
likewise aggregated into irregularly shaped brownish eoneretions that 
vary from 1 to 3 centimetres in greatest diameter, and may exct'piionally 
attain to from 4 to 6 centimetres. It has doubtless lieen diioetly deri\ed 
from the remains of organisms, under the joint inHuence of organic matter 
and sea-wator. Reduced to the condition of silt, and <li.ssolve(l in the 
sea-water, it may be supposed to be (pidowcd with the proiiortics of 
colloidal bodies, such as hydrated silica, and to be reaciy to lx* iirecipitatcd 
round any fitting centre of accretion.- There can be little doubt that 
the phosphatic chalk of France, Belgium and England has had this oj'igin. 
Grains and concretions of phosphate are found filling the interior of shells 
and foraminifera, or gathering round an organic nucleus, filling n|) its 
cavities, and in many cases replacing the original carbonate of linic.'^ 

4. Glauconitic. — The occurrence of glauconite abundantly diffused 
through some deep-sea accumulations has been already refened to. 
It occurs in small, black, dark-grceii grains, which rarely if over exceed 
I mm. in diameter, and likewise in particles of a pale-green colour, which 
distinctly bear the impress of the calcaieous shells of foraminifera. Many 
of them are indeed merely internal easts of these organisms Glauconite 
is thus frequently associated with calcaieous organisms on the present 
sea-floor. It was obtained by the ('hallcnger Expedition in greaUT or less 
abundance off the coast of Portugal, the west coast of Africa, the I'ast 
coast of North America, the Cape of Good Hope, the Antarctic (.'oritinent, 
the coasts of Australia and Now Zealand, the coasts of the Philippines, 
China and Japan, and the west coast of South Americii, while by other 
expeditions it has been observed in the Mediterranean, oft tlie nortjji 
coast of Scotland, the w'est coast of North America, the east coast (ff 
Africa and many other regions. Connected with the mineral detritus 
derived from the land, as might be expected from its geological distribu- 
tion, it appears to be formed more especially in the cavities of calcareous 

' See Penrose, J5. U. S. O’. S. No, 46 {188«), p. 127. W. Pth Art,i. Itrp. 

(/, S. 6, S. part ii, and Slat Rep. part ili. 

* Hnrray’and Renard,“ Deep-Sea Depoeits,” in Vhaihng'i Repufti,, jip. 

* A. Renard, J. ComA and A. Strahau, in their mcmoiri already <lled, ante, p. ISI, 
See aUo Bleicher, B. S, G. F. 3rd ser. xx. (1892), p. 287. 

9 
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organisms, where its initial stages of precipitation are influenoted by the 
action of organic matter.^ Glauconite in the typical granular form k 
widely distributed among the geological formations from the oldest 
Palseozoic to the most recent strata. 

5. Deposits of Sulphides. — Reference has already, been made 
(aute^ p. 47) to the remarkable abundance of sulphuretted hydrogen in 
the deeper waters of the Black Sea, and to the connection of its apneay- 
ance with the action of microbes. One of these organisms {Bacterium 
liijdrosulphurkum pmdkum) in the anserobic conditions of the deeper and 
denser portions of this great enclosed sea disengages the sulphurettec 
hydrogen, not only from decomposing organic matter, but also directlj 
from the dissolved sulphates and sulphides. A portion only of the gat 
spreads through the waters, another part takes up iron and form8«4iij 
abundant pyritous deposits that are found over the floor of the seg. 
while in the upper waters it is believed to be oxidised by another trib( 
of microbes or sulfo-bacteria.'-^ The sulphide of iron is met with in the 
blue mud and other sediments of the bottom in tlie shape of minut( 
globular grains sometimes aggregated into larger spherules or elongatec 
irregular branching forms. The analogy of such deposits with th( 
pyritous shales and clays of many old geological formations is of mud 
interest and importance. 

6. Earthy Deposits.— Besides the action of the common earth-worn 
in bringing up finely divided soil to the surface of the ground (pp. 4G0 
COO), other animals furnish still more obtrusive examples of the transpor 
of earthy materials. Among these the ants have long been familia 
for the transformations which they produce on the surface of a distric 
in which their colonies abound. They pile up mounds of fine earth 
particles of stone and fi-agments of vegetation, which in temperal 
latitudes may vary from a few inches to several feet in height, but whici 
in tropical countries, such as Brazil, reach a height of fourteen feet witl 
a breadth of thirty feet across at the base.^ Not only do the insect 
transport the material from one part of the surface to another, but the; 
burrow among the decayed rocks, which in some tropical regions ar 
decomiiosed with comparative rapidity. Mr. Branner describes hole 
made by them to a depth of ten or oven thiiteen feet from the surface ii 
disintegrated rock at Theophilo Ottoni, in Brazil, and he points out tha 
their long ramifying underground passages and their shifting of the soi 
must contribute to the general waste of the country. 

Even more remarkable are the geological labours of the termit 
or white-ant. In tropicat Africa this crerAu’c builds up crowds c 
small hills or mounds thirty or forty leot in diameter and ten or fiftee 
in height, visible at a distance of some miles. So large an amount c 
fine earth is aggregated in them, that “ the brick houses of the Scottis 

* Murray ami Reimrd, “Deep-Sea Depo^it^ ’ pp. 378-391. L. Cayeux, Etude tuierf^ 
Terr, sfdim. chap. iv. 

* N. Amlroussow, as cited on p. 47 . 

* J. C. Branuer, BtiII. t^eof. .Sh;. .\mer. vii. (1896), p. 295; Jotmu O'eol. viii. (190C 

p. 161. 
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raission-slation on Lake Nyassa were all built out of a single ant’s 
nest, and the quarry from which the material has been derived 
forms a pit beside the settlement some dozen feet in depth.” Besides 
piling up these edifices, the termites construct out of fine soil tunnels, 
which tlfty^nfake sometimes on the ground, but more usually on trees, 

which are thus covered even to the tips of the farthest branehes 

Millions of trees are fantastically plastered over with t\d>es, galleriis 
and ^chambers of earth, and many pounds’ weight of subsoil must Ik* 
brought up even for the mining of a single tree.' The removal of so 
much fine material to the upper air, and the honeycombing of the 

ground underneath, cannot but facilitate the progressive decay of the 
rocks, and with the co-operation of wind and rain must promote the 
gr^ral degradation of the surface. 

, In concluding this account of the deposits which are due maitdy 
to the aition of organisms or of organic matter, it may be remarked that 
the chemistry of some of the processes of precipitation in the sea is still 
imperfectly understood. The lime so abundantly secreted by calcareous 
organisms is probably not derived from the comparatively miimtc 

quantity of calcium carbonate })resent in sea water, but, jis ^^’e have, seen, 
may be obtained from the far more abundant sulphate by a tiansformation 
within the bodies of the living organisms. This chemical pnxKi.'^s must 
be one of the most gigantic of all those which are taking })lace in the* 
ocean. Again, the production of iron-sulphide over such vast an'as as 
are covered by the blue muds is a chemical change which cotdd !iot be 
effected without the cooperation of organisms. The prccipiUition of 
manganic oxide and its segregation in concretions, often rouml organic 
centres, is another widespread chemiad procc.s8, dcpen<lent on organic 
changes and presenting a close analogy to the formation of (‘oncretionary 
bog-iron ore, through the operation of the humus acids in stagnant water 
on land. The production of pho8})hatic deposition and the transfonna 
tion of silicates of alumina into phosphates of that substance, likewise 
the precipitation of glauconite, are further manifestations of the imjwrtant 
part taken by living and dead organisms in the chemistry of the sea- 
floor. It is true that as yet no aggregates of silica have been detected 
in the sea, like the flints which have been so fruitful a source of contro- 
versy. Yet the constant association of flints with tracc.s, more or less 
marked, of former abundant siliceous organisms sccm.s to make the 
inference irresistible, that the substuice of the flint has laicn precipitated 
through the agency of these creatures. The silica has been first abstracted 
from suspended clay or from sea- water by living organisms. It has tflen 
been re-dissolved and re-deposited in a colloid form, sometimes in amor- 
phous concretions, sometimes replacing the calcareous jiarts of echini, 
mollusks, &c., while the surrounding matrix was, doubtless, still a soft 
watery ooze under the sea,^ The production of abundant crystals of 

* Henry DrummondN ' Tropical Africa,’ 1888, chap. vi 

’ 8ee Wallich, Q. J. S. xxxvi. p. 68; Sollas, Ann. Mon. .\at. Hist. .'iUi Marita. 
vL p. 437 ; and anU, P?- 179, 612 ; Brit. Assoc. 1882, Hn-tn. p. 549 ; Hull and Hardman, 
Trans. Roy. IhMxn Hoc. new series fl878), vol. \. p. 71. Julien obnerven that a hubutanoe 
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zeolite on the sea-bottom where the water has a temperatu^ a little 
below or above the freezing-point, is certainly one of the most curious 
chemical changes which modem research has brought to light The 
explanation of it offered by Messrs. Murray and Renard has already been 
cited. The observations of Lacroix that zeolites may be formfd on land 
even in snow-water, indicate that the low temperature of 'the sea-floor 
offers no valid objection to the conclusions of the Chalhnaer observers. " 

§ 4. Man as a Geological Agent. 

No survey of the geological workings of plant and animal life upon 
the surface of the globe can be complete which does not tak'e account of 
the influence of man — an influence of enormous and increasing con- 
sequence in physical geography ; for man has introduced, as it wereT^fTP^ 
element of antagonism to nature. Not content with gathering the fruits 
and capturing the animals which she has offered for his sustenance, he 
has, with advancing civilisation, engaged in a contest to subdue the , 
earth and possess it. His warfare, indeed, has often been a blind one, 
successfid for the moment, but leading to sure and sad disaster. He has, 
for in.stance, strip{>ed olf the woodland from marty a region of hill and 
mount-ain, gaining his immediate object in tlie possession of their stores 
of timber, btit thereby layirrg bare the slopes to parching droughts or 
fierce rains, (’ountrios once rich in beauty, and plenteous in all that 
was needful for his support, arc now burnt and Itarren, or washed bare 
of their soil. It is only in compatati\ely recent years that he has learnt 
tlie truth of the aphorism'--“ Aa/a/rr mini'sfn 1 1 luterpm.*' 

But now, when that truth is coming more and more to he recognised 
atrd acted on, man’s influence is none the less marked. His object still 
is to subdue tlie earth, and he attairivS it, not by setting nature and her 
laws at defiance, but by enlisting her in his service Within the com- 
pass of this volume it is imposatble to give more than merely a brief out- 
line of so vast a subject.^ The action of man is necessarily confined 
mainly to the land, though it has also to some extent influenced the 
marine fauna. It may be witnessed on climate, on the flow of water, on 
the character of the terrestrial surface, and on the distribution of life. 

corrcspoijiimg to huuins appears to enter universally into the eonstitulion of the oceanic 
oozes, re.sulting from the decomposition of organisms ami containing a high percentage of 
ailica ( /'roc. Amer. Assoc, xxviii. p. 3.'i9). Consult also the paper of Messrs. Murray and 
Irvine alieady cited (Prt>c. Hoy. Soc. Eihn. xviii. (1891), p. 229), ami the suggestive expert- 
mo its there described as to the solution of silica in .sea-water containing living ami dead 
organ Urns. 

^ See Marsh's ’Man and Nature,’ a work which, as its title denotes, .specially treats of 
this subject, and of which a new and enlargeil edition was published m 1874 under the title 
' of ‘The Earth a.s modified by Iluinaii Action,’ It contains .a copious bibliography. Bee 
also Holle.ston, Jour, Roy. Hcog. Soc. xlix. p. .120, and works cited by him, particnlarly 
De Candolle, ‘Geographia botaniqne raisonm^,’ 1855 ; Unger’s “Botanieche BtreifzUge,’* in 
SiiiJtor. IVieHer Acad. 1857-59; J. G. St. Hilaire, ‘ Histoire naturelle gin^rale des R^ei 
organiqnes,’ torn. iii. 1862 ; Oscar Pesohel, ‘Physiache Erdkunde’; Link. ‘Urwell und 
Altertjhum’ (1822); O. A. Koch, Jahrb. Geol. ReuJtsanst. xxv. (IS/S), p. 114. 
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1. Oji Climate. — Human interference affects meteorological con- 
ditions — ‘il) by removing forests and laying bare to the sun and winds 
areas which were previously kept cool and <lamp under trees, or which, 
lying on the lee side, were protects! from tempests ; as already stated, 
it is supgoseci that the wholesale destruction of the woodlands formerly 
existing in Countries bordering the Mediterranean has been in part the 

' cause of the present desiccation of these districts, while in the Tyrol the 
gretA increase and destructiveness of the debacles has been attributed to 
the wholesale deforesting of that region, and the consequent exposure of 
the soil to rain and melted snow ; (2) by drainage, the effect of this 
operation being to remove rapidly the discharged rainfall, to raise the 
tempefatur^ of the soil, to lessen the e^aporation, and thereby to diminish 
the rainfall and somewhat increase the general temperature of a country ; 

' V^T*^y other processes of agrieultnre, such as the transformation of 
fboor and bog into cultivated land, and the clothing of ])are hillsides with 
green crops or jdantations of coniferous and hard wood trees. 

2. On the Flow of Water. — (1) By increaMiig or (liininisliing the 
rainfall, man directly affects the circnl.ition of wnter over the land. 
(2) By the drainage operations, which cause the r.iin to runoff more 
rapidly than before, be increase.^ floods in ii\ers (.'t) By wells, bores, 
mines or other subterranean w-orks, he interferes with underground 
waters and oonsecjueiitly with tlie discharge of spiings. (I) By embank- 
ing rivers, he* confines them to narrow' chanm'ls, .sometimes increasing 
their .scour and enabling them to can y their .sediment farther seaward, 
sometimes C4iu.sing thinn to dejio.sit it ovm’ the plains and raise their 
level. 

3. On the Surface of the I. and - M.in’s Ojierations alter the aspect 
of a country in many ways: — (1) by changing forest into bare mountain, 
or clothing bare mountain with forest . (' 2 ) by pnnn<»tiiig the growth or 
causing the removal of peat-mo^.s(‘s , (.'!) by lu'edh'ssly iniefnenng sand 
dunes, and tliereby sotting in motion a proec'-s of d(‘struclion which may 
convert liundrcd.s of acres of feitile l.iml into wa.ste sand, or by pnnlently 
planting the dunes with Haiid loving herbage or pines, and thus arresting 
their landward progri'ss ; (4) by so guxling the course of rivers as to 
make them aid him in reclaiming waste land and bringing it under culti- 
vation ; (5) by piers and bulwaik.s, whereby the ravage^ of the sea are 
stayed, or liy the thoughtless removal from the Imvu I) of stones which the 
wavc.s had themselves thrown uj), and which wouhl have .served for a 
time to protect the land ; (fi) by forming new' deposits oithei desigm'dly 
or incidentally. The roads, Itridges, canals, raiBv.ays, tunnels, villages 
and towns with which man lia.s covered the surface of the land will in 
many cases form a permanent record of his presence. Umler his hand, 
the whole surface of civilised countries is very slowly covered by a 
stratum, either formed wholly by him, or due in great measure to his 
operations, and containing many relics- of his presence. The soil of old 
cities has been increased to a depth of many feet by the rubbish of his 
buildings; the level of the streets of modern Home stands high above 
that of the pavements of the Ciesars, and this again almvc the roswlways 
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of the early Republic. Over cultivated fields potsherds are ti|rned up 
in abundance by the plough. The loam has risen within the walls of 
our graveyards, as generation after generation has mouldered there 
into dust. 

4. On the Distribution of Life. — It is under this Ifead, •perhaps, 
that the most subtle of human iiiHuence.s come. Some of man’s doings 
in this dominion are indeed plain enough, such as the extirpation of wild 
animals, the diminution or destruction of .some forms of vegetation, *the 
introduction of plants and animals useful to himself, and especially the 
enormous predominance given by him to the cereals and to the spread of 
sheep and cattle. But no such extensive disturbance of the formal con- 
ditions of the distribution of life can take ])lace without carrying with it 
many secondary effects, and setting in motion a wide cycle of change 
of reaction in the animal and vegoUblc kingdoms. For example, the, 
incessant warfare waged by man against birds and beasts of prey, in dis- 
tricts given up to the chase, leads sometimes to unforeseen results. The 
weak game is allowed to live, which would otherwise be killed off and 
give more room for the healthy remainder. Other animals, which feed 
perhaps on the same materials as the game, are from the same cause per- 
mitted to live unchecked, and thereby to act as a furthei- hindrance to the 
spread of the protected species. But the indirect results of man’s inter- 
ference with the i-f’pinie of plants and animals still rei|Uire much pro- 
longetl observation.^ 

This outline may suffice to indicate how important is the jilace filled 
by man as a geological agent, and how in future ages the traces of his 
interference may introduce an element of difficulty or uncertainty into 
the study of geological phenomena. 

* Soe on tho Mihjt'ot of mun’s inlluonce on org.uiic iiatiin*, tlu* paper by Professor 
Rolleston, Quoted iii tfie |)ii*vi()us note, .iiid the minieroiis aiitlioiities nted bj Imn. 





BOOK IV. 

CtEOTECTONIC (STRUCTURAL) GEOLOGY, 

OR THK ARCHITRCrrURK OF THE KARTH’s (’RUST. 

The nature of minerals and rocks and the operations of the dilfcrent 
agencies by which they are produced and modified having been discussed 
jn the two foregoing l>ooks, there remains for consideration the manner in 
which these materials have been arranged so as to build up tlie crust of 
the earth. Since by far the largest visible portion of this crust consists 
of sedimentary or a(jue()us rocks, it will bo of advantage to treat of them 
first, noting both their original characters, as resulting from the circum- 
stances under which they were formed, and the modifi(‘ation8 subse- 
quently effected upon them. Many .superinduced structures, not peculiar 
to sedimentary, but occurring more or le.s.s marktidly in all rock.s, may bo 
conveniently described together. The distinctive characters of th(' igneous 
or eruptive rocks, as portions of the architecture of the cru.st, will then 
be described ; and lastly, tho.se of the crysUlline schists and other 
associated rocks to which the name of meUmorphio is usually ajiplied. 

Part I. Stratifk ation and its A(;coMPANiMENrs. 

The term “stratified,’^ so often applied as a general d(‘signation to the 
aqueous or sedimentary rocks, cxprcs.ses their leading structural tealure. 
Their materials, laid down for the most part on the bed of the sea, hut 
partly on the floors of lakes and rivers, and even siibaerially on dry lafid, 
under conditions which have been already discu.ssed in Jiook III., are 
disposed in layers or strata, an arrangement characteristic of them alike 
in hand-specimens and in cliffs and mountains (Figs. 194, 195, 214, 2(50, 
and 261). Not that every morsel of a^jueous rock exhibits evidence of 
stratification. But it is this feature which in a sufficiently large mass 
of material is least frequently absent. The general characters of strati- 
fication will be b>8t understood from an explanation of the terms by 
which they are expressed. 
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Forms of Bedding. — ^Laminae are the thinnest paper 4il^ layers 
in the planes of deposit of a stratified rock. Such fine^lay-ers only 
occur where the material is fine-grained, as in mud or shale, «br where 
fine scales of some mineral have been plentifully deposited, as in 
micaceous sandstone. In some laminated rocks, the laminse c«tiore so 



firmly that they can hardly he split open, and the rock will break more 
readily across them than in their direction. More usyally, however, the 
pianos of lamination serve as convenient divisional surfaces by means of 
which the rock can be split open.^ The cause of this structure has been* 
generally assigned to intermittent clcposit, each lamina being assumed to 
have partially coiiHolidatcd before its .simcossor was laid down upon it. 
Mr. Sorby, however, has recently sugge-,ted that in fine argillaceous rocks 



it may be a kind of cleavage-structure (see 
pp. 417, bSl), due to the pressure of the 
overlying rocks, with the eonseiiuent s<piee/- 
ing out of interstitial water and the re- 
arrangement of the argillaceous pai tides in 
lines |)er|)enilicular to the pressure.*-^ 

Much may be learnt as to former geo- 
graphical and geological changes by attending 
to the characters of strata. In Fig. 195, for 
example, there is evidence of a gradual 
diminution of movement in the waters in 


Koekv scdimciit were deposited. 

f<, ounpioniorntft ; f», tiui'W-ix’diioii iioii- *1110 Conglomerate (a) point.s to currents of 


biysnn,istoiio;c, Uuii-i)wiiifi.‘<ttti(i- somc force j the .sandstones {b c d) mark a 

and the advent of finer 

stont’ w itii criiioul.s and poraiH. sedimciit the shalcs (g) show a deposition 


of fine mud and accretion of ferrous carbonate 


into nodules mund organic remains ; w’hile the coral-limestone (/) proves 
that the water no longer carried much sediment, but had become clear 


* M. Daubrne Ima proposed the term diastrome to express the splitting of rocks along 
their betiding-places, fitdl, OM. Francf (3), x, p. 137. 

^ Journ. Ge»d. fin-, xxxvi. (1880), p. 67, 
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enougl^ for an abundant growth of marine organisms. The existence, 
therefore, of alternations of fine laminte of deposit may bo conceived as 
pointing to tranquil conditions of slow intermittent sedimentation, where 
silt has been borne at intervals and has fallen over the same area of 
undistvbed water. Regularity of thickness and persistence of lithological 
character^ among the lamina* may be taken to indicate periodic currents, 
of approximately equal force, from the same (|uartcr In some cases, 
• siftcessive tides in a sheltered estuary may have been the agents of 
deposition. In others, the sediment was doul»tIe.ss brought by recurring 
river-floods. A great thickness of laminated rock, like the massive 
shales of Palaeozoic formations, suggests a prolonged period of ijuicscence, 
and*probably, in most ca.ses, slow, tranquil suhsidenee of the seafloor. 
On the other hand, the alternation of thin bands of laminated rock 
^ith others coarser in texture and non laminated, indicates considerable 
' oscillation ' of currents from different (juarters hearing various ipialities 
and amounts of sediment.^ 

Strata or Beds are layers of rock varying from an inch or less up to, 
many feet in thickness. A stratum may he made up of nummous 
laminee, if the nature of the sediment and mode of deposit have favoured 
the production of this structure, as has commonly been the case with tlie 
finer kinds of sediment, fn matctials of coarser grain, tin- strata, as a 
rule, are not laminated, but form the thinnest parallel divisions. Strata, 
like laminm, sometimes cohere firmly, but are commonly s(*paral)lc with 
more or less ease from each other. In the formci- <Mse, wc may suppose 
that the lower bed, before consoliMation, was followcil by the deposit of 
the upper. The common merging of a .stratum into that which overlies 
it must no doulit bo regarded us evidence of rnon* or less grailual change 
ill the conditions of deposit. AVhere the o\ei lying bed is aluuptly 
separable from that below it, the interval was probal)ly of some duration, 
though occasionally the want of cidiesioii may arise from the natuie of the 
sediment, as, for insUince, w'herc an intervening layer of imea flakes has 
been laid down A stratum may be one of a .seric'< (*f similar beds in the 
same mavss of rock, as where a tlnck sandstone includi'.'^ many individual 
strata, varying considerably in their respective thicknesses , or it may he 
complete and distinct in itself, as where a band of limestone or ironstone 
runs* through the heart of a .scries of shales. As a general rule, the con 
elusion appears to l>e legitimate that stratification, when exci'cdiiigly well 
marked, indicates slow intermittent dcjiosition, and that when W(!ak or 
absent, it points to more rapid deposition, intervals and eliangcs in tlie 
nature of tiie .sediment and in the direction (*f fone of the tr;insp<.rting 
currents l)eing necessary for the production of a disliiiclly stratified 
structure. 

Lines due to original stratification must be carefully distingiiished 
from other divisional planes whieli, though somc.what like. th<*m, are of* 
entirely different origin. Six kinds of fissility may 1 h; recognised among 

* For a wriea of experiiiienti) to iUn«trate the oriidii of the RedimcDtKtion of the Coal- 
meaxartfl, »ce H. Fayol, •Stv’. Jiuiuitne MtttrraU, Sf. itifnuCy 2iiie »<r. xv. (18K6): 

“ l^udea snr le TemSn honiller tie Conmientry," with atlas. 




636 OBOTJEOTONia (STBUOTUIUi;) QSOIO&Y book iv 


rocks : — Ist, lamimiion of original deposit ; 2nd, jointing, which, lyhen the 
planes of division are set close to e^h other, causes the rocks to split into 
parallel slabs or blocks (p. 658) ; 3rd, cleavage, as in slate (pp. 417, 684) ; 4th, 
shearing, as near faults and thrust-planes (pp. 419, 681) ; 5th, foliation, as 
in schists (p. 244) ; 6th, flow-structure, which when extremely developed 
in lavas produces a kind of fissility resembling the lamination of deposit. 

Originally the planes of stratification, in the great majority of cases, 
were nearly horizontal. As most sedimentary rocks are of marine orifin,* 
and have accumulated on the shallower slopes of the sea-floor, they have 
generally had from the first a gentle inclination seawards ; but, save on 
rapidly shelving shores, the angle of declivity has been usually sq Ipw 
as to be hardly appreciable by the eye. Departures from this pre- 
dominant horizontality would be caused where sediment accumulaUid 
on subaqueous talus-slopes, as at the base of cliff's, or where the floor, 
on which deposition took place was of an undulating or more mr-rkedly 
uneven character. 

False-bedding, Current-bedding. —Some strata, particularly sand- 
stones, are marked by an irregular lamination, wherein the laminae, 

though for short distances parallel 
to each other, are oblicjiie to the 
general stratification of the mass, 
at constantly varying angles and in 
different directions (a h c d in Fig. 
196). This structure, known as 
false-bedding or current -bedding, 
points to fiTquont changes in the 
direction of the currents by which 
the sediment was carried along and deposited. Sand pu.shed over the 
bottom of a sheet of water by varying currents tends to be laid down 
irregularly m banks and ridges, which often advance with a steep slope 
in front. The upper and lower surfaces of the bank or bed of sand 
(* * in Fig. 196) may remain parallel with each other as w^ell as with 
the underlying bottom {a), yet the successive laminai composing it may 
lie at an angle of 30° or even more. 

Wo may illustrate this stnicturo by the familiar formation of a railway ombank- 
mont. The top of the embankment, on which the [)ermaneut way is to be laid, is 
kept level ; but the advancing end of the earthwork .shows a steep sIojkj over which the 
workmen are constantly discharging waggon-loads of rubbish. Hence the embankment, 
if cut open longitudinally, would present a “false-bedded” structure, for it would be 
found to consist of many irregular layers inclined at high angles in the direction in 
which the formation of the mound had advanced. Among geological formations of all 
ages, occasional sections of the upjier surfaces of such false-bedded strata show the 
singular irregularity of the structure, and bring vividly before the imagination the 
feeble shiftiiig currents by which the sediment was drifted about in the shallow water 
where it accumulated (Fig. 197). A noticeable feature is the markedly lenticnlar 
character of false-bedded strata. Even where the usual diagonal lamination is feeble 
or absent, this lenticular structure may remain distinct (Fig. 198). Examples may also 
be observed, in which, while all the beds are well laminated, in ' .ome the laminse run 
parallel with the general bedding, and in others obliquely to it (Fig. 199). Tliough current* 



KIk'. llHi - Section of Stiatu 





SiruUi, n)i| Hcd 
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and contorted lamination is of freijin’iit o(cnrr('ii(e amonj' i*ala*ozoic 
sandstones. In Fig, 201, an example i.s given from one of tlie oldest 
formations in Britain, and in Fig. 202 another from one of the youngest.^ 
In the Calciferous Sandstones of I^wt Fife, the strurture is abundant in 


’ ‘(ieological Observer, ' p, 53(5. The roemoir by H. Kayo), iiledou p. is accom- 
panied with an atlas which tfoiitaiiis many excellent illustrations of the exceedingly irregaUr 
atratiftcation of the^^Coal-measnres. See also G, K. Gilbert, “ Uipple-inarka and Croas- 
beddiog,” Bull, /Iw. OVo/. <S<c. x. (1899), p. 13fi. 
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the thicker beds of sandstone intercalated among rapid alternations of 
perfectly undisturbed parallel seams of shale, coal and limestone. The 
cause of this structure is not well understood. Among glacial deposits 


Flf?. UK'.— On I 111 ary I.nn)i nation ami Ciirrent-laiiiinatiori, Upper Old Red Sandstone, Cbwea 
Waterfoid (IL). 

(i, (I, r, IkhIs of sand and silt deposited horizontally and apparently from mechanical suspension ; 
h, r, beils of sand which have been pushed alonj; the bottom. 

local examples of contortion occur, which may be accounted for by the 
intercalation and subsequent molting of sheets of frozen mud, or by the 
•stranding of heavy masses of drift-ice upon still unco^isolidated sand and 




. Fit;. 'JOO.— Section in th« Forest Maiblo, the Butts, Froine, Soniciset (11). 

a, 0, lieds formed of bioken sliells, IlHli-tectli, pieces of wootl, and oolitic ({lains ; h, h, layers of clay. 

mud. The removal of mineral matter in solution (as among saliferous 
and gypseous deposits) leads to the .subsidence and cnimpling of over- 
lying beds. The hy<lration of anhydrite (pp. 400, 45.3), by augm^ting 



the volume of the mass, subjects the adjacent strata to crushing and 
contortion. It is possible that some of the extraordinary labyrinthine 
and complex contortions of certain schistose rocks may be due to the 
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Hbeequgnt crampling of strata already full of diagonal or contorted 
namination. 

Irregularities of Bedding due to Inequalities of Deposition 
or of Erosion. — A sharp ridge of sjind or gravel luuy he laid down 
under v^litcr hy current-action of some strength. Should the motion of 
the water 'diminish, finer sediment may be brought to the })lace and be 
deposited around and above the ridge. In such a case, the straliticaiion 
of^e later accumulation may end olf abruptly against the flank.s of the 
older ridge, which will appear to rise up ihiough the younger sediment. 
Appearances of this kind are not uncommon in coal lield.s, where they 
ar^ Ijnowr^ to the miners as “rolls,” “suells,” or “holies’ backs” A 
structure exactly the reverse of the preceding, where a stratum has be-m 
jj^ooped out before tlie depo-sition of the la\ers whicli cover it, has also 
often been observed in mining for coal, when it is termed a “ washout” 
or “ waiit.” 
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Channels have lieen cut nut nf a coal vain. ni latli. i ntit nf ilie Ih.I of vof'clntmii 
which ultimately liecamc coal, ainl these uiinliiig and tii.iin liinn ( liamiels liave been 
filled up with sandy or niuddy .sediment. Tin* a' M)rii|i.iiiyiii>^ |>lan il'iif iO.ij iciiresents 
a |)ortion of a remarkalile .series of sueh elidiimK liiveisin;^ llc' < oh lord Hi^h I)elf 
coal-seam in the Forest of Dean. I'ln* dm f one, locally known as the Jlorse (« 
has been traced for about two miles, and v.uies m widib Irnm 17(1 to lilO yards. It im 
joined by smaller tributaries {c c), w-hith iiin for muiic way apino.Minaleiy jiaralld to 
it. The coal has either been preventcrl from at - nninlatinK in conteiniMinineotiH water- 
channels, or, while still in the condition «.f soft bn« like vejretaiion, lias hecri eifided 
by streamlets flowing through it.' A sedion diawn ar-msH such a buried cliannel 
exhibits the structure represented in Fig. 204, where a bed of fire-clay (r), full of roots 
and evidently an old soil, supports a bed of coal (r/) and of shale (c), wlm h, during the ^ 
deposition of this series of strata, have been cut out into a channel at/. A deyiositiou 
of sand (6) has then filler! up the excavation, and a layer of mud (a) has covered up 
the whole. 

Oarrents of very unequal force and transjairtiiig ]»ower may alternate in such a way 

* Buddie, (Jeol. Tmn*. u. (1842), p. 215. 
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that after fine eilt has for some time been accumulated, coarse shingle m|y next l>e 
swept along, and may be so irregularly bedded with the softer strata as to ifWiilate the 
behavionr of an intrusive rock (Fig. 205).* The section (Fig. 206) taken by^ De la Beche 
from a cliff of Coal-measures on the coast of Pembrokeshire, shows a dept^sit of shale 



Fig. 204.— .Sfction of a Channel in a Coiil-»eain (li ) 


{i() that duiing the course of its formation was eroded by a channel at 6, into which 
sand was carried ; after which, the deposit of tine mud recommenced, and similsr siiale 
was again laid down upon the top of the sandy layer, until, by a more potent current, 
the shale deposit was cut away on the left side of the .section, and a seiies of saudbeds 



Kig 205 — Itrognlar Ufslding of coaiKt* ami fine Lowpi Silurmn detuhw, Flanks of Clydjr, 

N.E. of .Snowdon (H ). 

(<•) was laid <lown upon its eroded edges. An intemiption ol tliis kind, however, may 
not seriously distuib the earlier conditions of a 4lepo.sit, wlucli, as shown in the same 
section, may he again resumed, and new layers {d) may be lanl down conformably over 
the whole. Among the le8.Mon3 to be learnt from such .sections of local irregularity, one 



Fig. iOii (’ont«*niiK>raiiPou8 EroMon and Deposit (/>’.). 
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of the most useful ts the reminder that the inciinatiun of strata may not always be due 
to subterranean movement. In Fig. 207, for example, the lower strata of shale and 
sandstone are nearly hori/ontal. The upper thick sandstone [b') has been cut away 
^ towards the left, and a series of shales («') and a coal-seam (o') have been ileposited 
against and over it. If the sandstone was then level, the shales must have been laid 
down at a considerable angle, or, if these were deposited in horizontal sheets, the earlier 

‘ De la Bec'he, ‘ fleol. Observer,’ p, 533. But see the following j^marks on overthrust 
faults in the Coal-mea.sure.s. 
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Mndstone must; Eive tecQ^oliit^ on a mirtfed slope. Aa dsposition continued, the 
inclined p)ane of sedimentation would gradually become horisontal nntil the strata were 
once more parallel with the series abc below. A strncture of this kind, not infrequent 
in the Coabineasures, must be looked upon os a larger kind of false- bedding, where, 
however, terrestrial movement may sometimes have interveneil. 

In thw instances here cited, it is evident that the erosion took place, in a general 
sense, durinj^ the same period with the accumulation of the strata. Fur, after tlie 
Interruption was covered up, sedimentation w'ent on as before, and there is URiuilly an 
obvious close sequence between the continuous strata. Though it may be impo.ssiltle to 
decide as to the relative length of the interval that elapsed between the foiuiation of a 
given stratum and that of the next .stratum which lies U]K)n its oioded surface, or to 
ascertain how much depth of rock has been removc«l in the eiosion, yet, when tlio 
strijcture ocqprs among conformable stiata, evidently united iis one lithologically con- 
tinuous series of deposits, we may leasonably infer that the missing portions are of small 



Fig. *207.— Coiiteniporanwus Kiobiou with ii)Cluie<l uinl horuouUl (Je|Mn»it«, in Coal iiieasuicK. 
* Kello Water, SaiKintiar, DmnfrietiMhue. 

tt, o', ahalcH uinl irouHtoin-s , h, I', mjokIhUmh n , <, <• , coal-Hemns 


moment, and that the erosion was merely due to the irregular and more violent action 
of the very currents by which the sediment of the successive strata was supplied. 

The case is different when the eroded strata, Iwsidcs being inclined at a different 
angle from those al>ove them, are strongly marked off by lithological distinctions, 
particularly when fragments of them occur in the overlying deposits. In some of tlic 
coal-mines in Central Scotland, for instance, deep channels have Imjcii met with entirely 
filled with sand, gravel or clay belonging to the general sujwrficial drift of the country. 
These channels have evidently been water-courses worn out of the Coal-measure strata 
at a comparatively recent geological perioil, and subsequently biuied under glacial 
accumulations. There is a complete discordance between them and the I’alieozoic strata 
below, pointing to the existence of a vast interval of time (see under Uhconforniability, 
p. 820 et stq.). 

The recent progress of research has shown that overthrust faults, which arc mu<ji 
more frequent than was formerly supposed, may sometimes produce effects not greatly 
different from those here described. Indeed, it is not improbable that instances which 
have b^n looked upon as exemplifying coutemjwraueons erosion or deposit, such as 
some of the “horsey" and “waih-outs" of the Coal-measures, may really be due to the 
offeet of ouch reversed faults. In Fig. 200, for example, it is conceivable that the diagonal 
VOL. I ^ 2 t 
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line of iepamtiou drawn by De la Beebe my mark a rerened fault, and that thei over- 

lying sandstonea (c) are really a lower jMirt of the eerie* pushed upward ove^5 (a) fcy an 
over-thrust.* \ 

'Surface-markings. — The surface of many beds of sandstone is mamed 
with lines of wavy ridge and hollow, such a.s may be seen on a sailidy 

shore from which the tide has retired, on the floors of shallbiv lakes 

of river-pools, and on surfaces of dry wind-blown sand. To these ’> 
markings the general name of Ripple-mark has been given. They Ijjive 
been produced by an oscillation of the medium (water or air) in which 
the loose sand has lain. In water, an oscillatory movement, sometimes 
also with a more or less marked current, is generated by wind blowing on 
its surface. The sand-grains are carried backwards and forv/ards.* ®By 
degrees, inequalities of surface are produced, which give rise to vortices 
in the water. In irregular ripple-mark, the direct current carries tlte 



Fix. -O'.— I’l.m iintl wetton of Hiinilfd .SuilHt c. l i/. JO ' — S'tIiimis oI Uipplt -mark''. 


sand up the weather-slope, while tin; vortex pushes it up the lee-slope, 
until the surface of the siiud becomes mottled over with little prominences 
or dunes. In regular ripple-mark, the forms are produced by water 
oscillating relatively to the bottom and the conse(juent establishment of 
a series of vortices.- The long gentle slope towaids the wind, and the 
short steep slope away from it, are well marked (Fig. 20S, compare also 
Fig. 91). Considerable dWersity in the form of the ripple, however, may be 
observed (us at n h r in Fig 209), depending on conditions of wind, water 
and sediment which have not been thoroughly studied. No .satisfactory 
inference can be drawn from the existence of ripplo-marks as to the precise 
depth of water in which the vsediment was accumulated. As a rule, it is 
in water of ’ only a few feet or yards in depth that this characteristic 
surface is formed. But it may be produced at any depth to which the 
agitation caused by wind on the upper waters may extend (p. 562). 
Examples of it may be observed among arenaceous deposits of all ages 
from pre-Cambrian upwards. In like manner, we may frequently detect 

' See a paper ou ovcrtlirusts aint other disturhauces in the Railstock serie.s of the Somerset 
♦Coal-field, by F. A. Steart, Q. J. 0. S. Iviii. (1902). 

- Profe.ssor Darwin, Tro*-. Hoi/. Soc, xxxvi. (18S3), p. 18. Sec also H. C. Sorby, Edin, 
yew Phil. Jourii. new ser. ui. iv. v. vii. ; O'eoiogist, ii. (1859), p. 137 ; A. K. Hunt, Proc, 
Rtii/. Soc. xxviv. p. 1 ; C de Candolle, Arch. Sci. Pkjfs. ya(. ix. (1883) ; ^M. Forel, 

in same volume ; Gosselet. A nn. Sci. G(d. Nord, ix. (1882), p. 76 ; G. ]j^ Gilbert's pajier cited 
p. 637. 
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among tl^ese formations, small isolated or connected linear ridges (rill> 
marks) directed from some common qujirter, like the ciirrent-inarka 
frequently to be found behind projecting fragments of shell, stones or 
bits of seaweed on a beach from which the tide has just retired. 

On ah cycPinary beach, each tide usually effaces the rij){)le-marks iniule 
by its predecessor, and leaves a new series to be obliterated by the next 
tjde^ In the process of obliteration, the top.s of the ridges are levelled 
off (see h in Fig. 209), while sometimes the hollows, where they serve Jis 
receptacles for surface drainage, are deepene<l. Where the markings are 
formed in water w^hieh is ahvays receiving fresh accumulations of sediment, 
a rippled surface may be gently overspread by the descent of a layer of 
sediment upon it, and may tiius be preserved. Ky a renewal of the 
oseillation of the wat<*r another seiies of ripjdes may then be made in 
the overlying layers, which in turn may be buried and preserved undei 
a renewed dopo-sit of sand. In this way, a considerable thicknes.s of 
.such ripple-marked strata may be accumulated, as has freijucntly taken , 
place among geological formation.s of all ages. 
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Sun-cracks, Kain-prints, \'(!stige.s of former Shores. — One of 
the most fascinating parts of the work of a Hehl -geologist consists in 
tracing the shores of former seas and lakes, and in endeavouring thereby 
to reconstruct the geography of sucee-ssive grologieal periodg. Ihere are 
not a fcAv pieces of evidence which, though in tlnun.selves imlividually of 
apparently small moment, combine to supply him Avith reliable, data. 
Among these he lay.s .special crnplia.sis upon the proofs that, during their 
deposition, strata have at intervals been laid bare t,o .sun and air. 

The nature and validity of tin; arguments founde<l on this evidence 
will be best reidised by the .student if he can make obso.rvations at the 
margin of the sea, or of any inland sheet of watm-, which from time* to 
time leaves tracts of mud or fine sand exposed U) sun and rain. J he 
way in which the muddy bottom of a <lried-up jiool cracks into jiolygonal 
cakes when exposed to the sun may be illustrated abundantly among 
sedimentary rocks. These dcsiccatiori crarks, or sun-crack s (hig. 210), 
could not have been produced so long as the sediment lay under water. 
Their ejystence therefore among any strata proves that the surface of 
rock on Which they lie w'as ex|) 08 ed to the air and dried, before the next 
layer of water-borne sediment was deposited upon it. 

With these markings are occasiftnally associated prints of rain-drops. 
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The familiar effects of a heavy shower upon u surface of .moist^sand or 
mud may be witnessed among rocks even as old as the Cambrian period. 
In some cases, the rain-prints are found to be ridged up on one side, in 
such a manner as to indicate that the rain-drops as they fell were driven 



Fig. 211.— Footimnt'i from llic Tiuissic Sandstone ol Coniierticiit (Ilitelicock;. 


aslant by the wind. The prominent side of the markings, therefore, 
indicates the side towards" which the wind blew. 

Numerous proofs of shallow shore-water, and likewise of exposure to 
the air, are supplied by markings left by animals. Castings, tubular 
burrows and trails of worms, tracks of mollusks and crustaceans, fin-marks 
of fishes, footprints of reptiles, birds and mammals (Figs. 211, 212), may 



Fig. 212.— Footprintx and Suii-cracVa, Ulldburgbansen, Sixony (Sickler). 

all be preserved and give their evidence regardin," the physical conditions 
under which sedimentary formations were accumulated. It may frequently 
be noticed that such impressions are associated with' ripple-marks, rain- 
l^ints or sun-cracks ; so that more than one kind €i evidence may be 
l^ned from a locality to show that it was sometimes laid bare of water. 
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The jmore striking indications of littoral conditions being comparatively 
infrequent, the geologist must usually content himself with tracing the 
gravelly detritus, which suggests, if it does not always prove, proximity 
to some former line of shore. Such a section, for instance, as that 
depicted in >'ig. 213 may often be found, where lower strata (a) having 
been tiltecf, raised into laiul, and worn away, have yielded materials for 
a coarse littoral houlder-bed (i), over which, as it was currieil down into 
dee^r and clearer water, limestone eventually accumulated. Ms of 
conglomerate, especially w'here, as in this examiile, they accompany an 
unconformability in the stratification, are of much servici* in tracing the 
linyti of aycient sea&^and lakes (see Part X., p. 820). 

Gas-spurts.-— The surfaces of .some straU, usually of a dark c(*’oqr 
a«d containing organic matter, may he observed to be raised into little 
•heaps of various indefinite shapes, not like the heaps associated with 
worm-buiTOws, connected with pipes descending into the rock, nor com- 
posed of different material from the surrounding sandstone or shale. 



Fig. 213.— Soctioii of a npaoli of early Mesozoic age, mur Clifton. HhMoI (/i.). 
o, carlwniferouR limeatone ; h, (iolomitic conglonierate— » inaHa of IhhiI'Iith and angular fragiuenti of a 
(some of tlietu almost two tons in weight), jiaaHing u|> into finer conglomerati' r, with aaDdsfone 
and marl, and thence into dolonutic limestone d. 


Tliese may be conjectured to be due to the inU'rraittent cscajie of gas 
from decomposing organic matter in the original sand or mud, as we may 
sometimes witness in operation among the mud-flats of rivers and estuaries, 
where much organic matter is decomjiosing among the scsliment. On a 
small scale, these protrusions of the upjier surface of a deposit may be 
compared with the mud lumps at tlie mouths of the Mississippi, already 
described (p. 512). 

Surface-markings due to Movement. — The older rocks, which 
have been longest exposed to disturbances of the crust, not infrequently 
present on the surfaces of some of their strata curiously ridged or 
branching protuberances. These markings are especially to be seen on 
the surfaces of shales or other layers of comparatively soft material, 
intercalated among harder and more massive rocks, such as greywAckes 
or sandstone. They occasionally simulate organic forms, and have even 
been described as fossil sea-weeds, to which their branching arrangement 
occasionally offers a remarkably strong resemblance. There can be litt]% 
doubt, however, that in a large number, probably the vast majority of 
cases, these radiating wrinkles and other markings are entirely of inorganic 
origin, and have bwn the result of differential movements of the strata 
under intense stAiin, and are most marked in the shales, Wause these 
strata would naturally yield most readily. They may be imitaterl arti* 
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ficially by introducing a layer of some viscous substance betij-een two 
plates of glass, which are afterwards pressed together or moved one over 
the other. ^ 



Fig. 2l4. -Si>ctiou of altei nations ol .''h.iU- ami ('iiiici«'|i(inai> l.innslom.* ( />’ ). 


Concretions. — Many sedimentary rocks, more particularly clays, 
ironstones and limestones, exhibit a concretionary structure. This 

arrangement may Ik* part of the original 
se(liment;ition, or may be due to sub- 
se<iuent segregation from decomposi- 
tion round a centre. (V>ncretionary 
structures, particularly in calcareous 
materials, may lie .so closely adjacent 
as to torin continuous or nearly con- 
tinuous beds (Fig. 214).\ The Mag- 
nesian Limestone of Durham is built 
up of variously shaped concretionary masse.s, sometimes like cannon-balls, 
grape-shot or bunches of coral. Connected with concretionary beds are 
the seams of gypsum, which may occasionally be observed to send out 
veins into other gypsum beds above and below them. I)e la Beche 
describes a section at Watchet, Somersetshire, where, amid the Triassic 



Fig. *215,— HectioiiH of hcd'i und coniuTtin.u 
Hliinga of Gypsum in tlio Tims, Wntclni, 
Somersetshire ( It.) 



Fig. *211).— Concretions of I.iinostone in Slmle, 



Fiu', ‘217 -Concrflioiis .,nrrMimdmg orgnnir cen- 
tres .-ind exhibiting Urn continiuitioii of tha 
lines of stratitlcation of the surrounding shales. 


marls {h b in Fig. 215), seams of gypsum (a a) connect themselves by 
means of fibrous veins with the overlying and underlying beds. 

^ A. G. Natliorst, ‘ Nouvdles Observations sur lea Traces d'Animaux, Ac.’ 4to, Slockholni, 
188G ; A. Issel, “ Impressions radieulaires et Figures de Viscosito ayant l^pparence de Foeailea,’* 
BhU. Belg. OM. iii. (1889), p. 450. 
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The (lost frequent form of concretions is that of isolated spherical, elliptical or 
variously shaped nodules, disposed in certain layers of a stratum or di8{>crsed irre^pilarly 
through it (Fig. 216). They most commonly consist of ferrous or calcic carbonates, or of 
silica. Many clay-ironstone beds assume a nodular form, and this ininoriil occurs abund- 
antly as ^partite nodules in shales and clay-rocks (.Sj>liicroMdcnto). The nodules h«ve 
frequently been formed round some oigamc body, such os a fragment of plant, a shell, 
bone, or coprolite. That the c.irbonatc was slowly piecipitateil tlunng the formation of 
*the«euclohing bed of shale, may often be satisfactouly pioved by the lines of deposit 
passing continuously through the nodules (Fig. 217). In many cases, the internal 
first-formed parts of a nodule have coiitiactcd more than the outer and nioic conijmct 
crust, and have cracked into o|w>n p^lygonal spaocs, which arc coiiunonly lilli-d w ith caleite 



Fiji .'Is - Clay coiicri’tioiis «»l Albiv Him (iiHt sir**) 


(Fig. 25). Sucli seplnrvtn iiodu/m, whether composed of clay ironstone or hniestono, 
are abundant in many shales, as in the Caihoniferous and Liassic wrics of Kngland, 

Alluvial clays sometimes contain fantastically shapd concretions due to tlie con- 
solidation of the clay by a calcareous or femigirioiis cement round a centre. Tlie^e are 
known in Scotland as Fairy-.stones, in the valley «)f the Khiru; as Litshpupjieii, 
Lossmaiichen, and in Finland a.s Iniatra-stom s /Fig. 21H and p. 43!*j. They not un- 
commonly show the bedding of the clay in wliuli they may have Iwicn formed. Their 
quaint imitative forms have naturally given rise to a fiopiilai belief that they are# 
petrifactions of various kinds of oigatiic bodies and even of .iitieles of hiiinan 
manufacture. In Norway they occur in glacial and post-glacial <lepostfs up to heights 
of 360 feet alxive sea-level, and enclose remains of fishes (of winch 1»1 species have l>een 
noticed), as well as o ^ber organisms .' 

^ Kjenilf, ‘Geologic ties sUdl. und niittl. Norwegeiis’ (1880;, p. 5, H. Collet, iVf<. 
Mat/, xxiii. No. 3, p. 11. The most voluiuinuiis account of such alluvial coneretmus will be 
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Concretions of siliot occur in limestone of many geological ages (p. 624). ^The flints 
of the English Chalk are a familiar eiample, hut similar siliceous concretions occur in 
Carboniferous and Cambrian limestones. The silica, in these cases, has not infrequently 
been deposited round organic bodies, such as sponges, sea-urchins and mollusks, which 
are completely enveloped in it, and have even themselves been silicified. 'Iroo'disulphide 
often assumes the form of concretions, more particularly among clay-rocks, and these, 
though presenting many eccentricities of shape— round, like pistol-shot or cannon-balls, 
kidney-shaped, botryuidal, &c.— agree in usually possessing an internal fibrous radftted 
structure. Phosphate of lime is found as concretions in formations where the coprolites 
and bones of reptiles and other animals have been collected together (p. 626). 

Concretions produced subsequently to the formation of the rock occur in some 
sandstones, which, when exposed to the weather, decom)K>se into largo rou.id balls. " In 
other instances, a ferruginous cement is gradually aggregated by percolating water in 
lines which curve round so as to enclose portions of the rock. Tliese lines, ow’ing% 
abstraction of iron from within the spheroid and partly from without, harden into dark« 
crusts, inside of which the sandstone liecomes quite bleached and soft.* Some shales 
exhibit a concretionary structure in a still more striking manner, inasmuch as the 
^concretions consist of the general mass of the laminated shale, and the lines of stratifica- 
tion i>ass through them and mark them 
out distinctly as superinduced iii>on the 
rock. Examples of this structure aie not 
infrequent among the argillaceous strata 
of the Carboniferous system. The con- 
cretionary olive-grceii shales and mud- 
stones of the Ludlow group, in the Upper 
Silurian system, exhibit on weathered 
surfaces, all the way from South Wales 
into Oentral Seotlaiul, a peculiar structure 
which consists in the development of 

alilre (H). *''*^** '*!' several feet in diameter, 

the successive shells being separated from 
each other by a fine dark ferrugiuous film (Fig. 219). The lines of stratification are 
sometimes well nmiked by layers of fossils, but the rock splits up mainly along the 
curved surfaces separating the concentric shells. Concretionary structures are found 
also in rocks formed from chemical precipitation, as for instance in bed.s of rock-^alt. 

The structure known as “cone-in-cone" has been referred to pressure (p. 421), but 
in many cases apjiears rather to be due to a form of crystallisation of the constituent 
calcite after the deposition of the stratum in which it occurs. The calcium carbonate 
lias crystallised in a number of small cones one within another, forming a succession of 
sheaths, which include some of the uoii-crystalline surrounding matrix, and are gradu- 
ally built up iuto a oonical aggregate or group of such aggregates.^ 

dendritic Markings. — On the divisional planes of fine-grained rocks 
arborescent <leposits of earthy oxides of manganese or of iron are of 
frequent occurrence (Fig. 220). Their curiously imitative forms have 
often led to their l>eing mistaken for fossil plants; hut like the 
plumose shapes assumed by ice on frosted windows, they are entirely of. 

found in a quarto volume by J. M. A. Sheldon, * Concretions from the Champlain Clays of 
the Connecticut Valley,' pp. 45, with 160 illustrations, Boston, 1900. 

* See Penning, Oeol, Mag. Dec. 2, iii. May 1876 ; and Bagle-sttaes,” anfe, p. 187. 

» H. C. Sorby, Jinl. A$ioe. 1869, Sects, p, 124 ; W. S. Gresley, Q. J. 0. S. xll p. 110 ; 
0. A. T. Cole, Mineral. Mag. x. (1892), No. 46 ; and the papers ePod ante, p. 421. 
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inorganic origin. Occasionally this dendritic aggi-egation has kken place 
within a rock, and, instead of being confined to the fine fiss\ire of a joint, 
has radiated through the substance 
of the^tone^. When the matrix is 
light in oplour, and the oxide, as 
usual, is dark, remarkable diagram- 
•liki effeets are produced. The 
close-grained limestone known as 
“ landscape-marble ” owes its j)eculi- 
arity to this source.^ 

* Alterifatlons and Associations 
of Sediments. — Though great varia- 
fions occur in the nature of the strata 
* composing a mass of sedimentary 
rocks. It may often he observed that 
certain repetitions occui-. Sand 
stones, for example, are found to be 
interleaved with shale abov**, ami 
then to pass into shale ; the latter 
may in turn become sandy at the 
top and be finally covenvl i)y saml- 
stone, or may a.S8umc a calcareous 
character and pass up into limestone. , 

Such alternations bring before us the "f .-.ntin oxi.i.H.f ni.uiKHiimiii 

conditions under which the .sedi- 

mentation took place. A sandstone grou]) indicates water of coniparatix ely 
little depth, moved by changing currents, bringing tlie sand, now from one 
side, now from another. The passage of such a gnaip into oms of shale 



Pig. 221.— Section of xtraU from tlie lja»e of llir I.ihr down to llo- lop ol tin- Tuan, hheplon MrIIuI (W ). 
e, grey IJ«g liiiieetone and inarla; h, eartliy wliiliah linicatone and nuirlH, <■, *artliy wlnte IjmcMlone; 
d, arAnaceona limestone ; /, grey iiiarl'* ; n, h-*! inarU : h, nandatotK* wdlt calcarfoua milfrnt , i, 
blue nmrl ; k, red marl ; I, blur marl ; m, rvd maria 

points to a diminution in the motion and transporting power of the waten 
^ perhaps to a sinking of the tract, so that only fine rantl was intermittently 
brought into it. The advent of limestone above the shale serves to show 
that the water cleared, owing to a deflection of the sediment-carrying 
current, or to ^continued and perhaps more rapid subsidence, and 

> H.B. Woodward, Oeol. Mag. 1892, p. 110; B. Thoropaon, f/ J 1- (1S94), 

p. 898. 
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that foraminifera, corals, crinoids, * mollnsks or other lime - secreting 
organisms, established themselves upon the spot. Shale overlying 
the limestone would tell of fresh inroads of 
mud, which destroyed the animal life that had 
been flourishing on the bottom ; while a return 
of .sandstone beds wobld mark how, in the 
coufse of tune, the original conditionso of* 
troubled currents and shifting sandbanks were 
resumed. Such alternating groups of sandy, 
calcareous and aigillaceous strata are well 
illustrated among the Jurassic forfnatioils^of 
Kngland (Fig. -21). 

Ceitaiu kinds of strata c-oiniiupiily occui togethei, 
hooause the conditions under winch they weie formed 
weie apt to aiise iir succession. One of t?ie most 
familiar examples is the association of coal and fire-clay. 
In Britain a scuiii of coal is gcncially found to lie on a 
hed of fire-clay, or on some argillaceous stiatum. The 
rca.son of this union hccomes at once apparent when we 
rccojfin.sc the fiic-clay as the .soil on which the yilants 
I'U'w that went to lorni tin* coal. Where the clay was 
laid down undci siiitahle circumstances, vegetation 
''juang up upon it. 'I'hi.s appears to base taken place 
in wide shallow lagoon -like expansions of the sea, 
hoideiing land clothed with dense vegetation, and to 
have hccii accompanied by slow, intenmttont. hut pro- 
longed sulisidcucc of the sca-hottom. Hence, dming 
pauses o( the downward inovenii'iit, when the water 
shoaled, an almndant giowth of water-loving or marshy 
plants Npi.ing upon the niiiddy bottom, somewhat like 
the niangiove-swainps of thi> present day, and continued 
to flourish until the muddy soil was exhausted,' or 
until subsidence reconiinenccd and the matted jungles. 


wm 




Fik Sneee'<sioi(ofl>tmiMlcoal- 

growtlss and elect tiee-stiiin|is 
Sydney Coat-tleld, CajM- Uretoii 
(R. HrownV^ 

a, sandstones f., shales; r. coal- ^^rVkHrund^r th were buried under fresh inroads 

■ds rontaiiioii; rmits , „ , i i i .t 

of sand or mud. Kach coal-field thus contains a suc- 
cession of buried forests with a constant repetition of 


seams ; </, beds rontainoii; i 
and Htninps i/i sttii. 


the same kind of intervening strata (Fig. ’2’22). 

For obvious reasons, conglomerate and sandstone occur together, rather than con- 
glomerate and shale. The agitation of the water which could form and deposit coarse 
detritus, like that conijio.sing conglomerate, was too gieat to admit of the accumulation 
of fine silt. On the other hand, wo may look for shale or clay rather than sandstone, 
as aif accompaniment of limestone, inasmuch as when the gentle currents by which fine 
argillaceous silt was carried in suspension ceased, they would be succeeded by intervals 
of quiet clearing of the water, during whicli calcareous material might be elaborated 
.^either chemically or by the action of living organisms. 

' Sterry Hunt has callcil attention to the fact that the iiiulerclays of the Coal-measures* 
have generally been depriveil of their alkalies by the vegetable growth which they 
supported. In the little coal-basins of France evidence has lieen obtained that much of the 
coal was fornwl out of vegetation that ha<l been swept down and bo^^ied by rapid currents. 
See the memoir of M. Fayol cited on p. 635, 

> R. Brown, Q. J, 0. S. vi. p. 115 ; and De la Beche, ‘Geol. Olwerver,’ p. 505. 
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Rc;}atlve persistence of Sediments. — A little retted ion w ill eonviuec 
the student that all sedimentary locks must thin out and diwippear, ami that 
even the most persistent, when regarded on the great scale, aie local and 
lenticular accumulations. Derived from the degradation of land, they 
have ?ccuri!ulated near land. They are nece.s}5arily thickest in niass, as 
well as coarsest in texture, neare.st to the source of sujiply, and hecoine 
njpre attenuated and fine-grained as they recede fioin it. We ha\e only 
to observe w’hat takes place at the present time on l.ikc-hottoins, estuaiies, 
or sea-margins, to be assure<l that this is now, and must alwa\s lia\e lnyn, 
a law' of sedimentation. 

t tBut while all .sedimentiiry depf)sits must be reganled as es.sentially 
local, .some kinds possess a far greater persisttnicc than otlu'rs 
• Asa general rule, it may he said that the eoiuser tlu* giain. the moie )<k'ii1 the ('\teiit 
of a rock. Congloincratos are thus hy inueli the most van.ihle ami incuiistanl of all 
sedimentary formations. They suddenly sink down i'lom a tliiekiiess o| st-veial Inindted 
feet to a few yards, or tlie otU Hlt(>gether, to lenppea!, ]tetliaps f.nther <»i), in the same 
wedge-like fashion. Sandstones ate Ions li.ihlc to siu li ♦■vlinncs of im ousliim y, hifl 
they too are apt to thin away and to .swell out again. Shales aie much more peisisteut, 
the same zone being often traceable for many miles, liimeslones somelimes occur m 
thick local imusscs, as among the Silniian formations, hut they often also display 
remarkable coutiuuity. Three thin limestone hands, each of tlu tu only a few feet in 
tliiekiiess, and separated by a coiisideialde mass of intii veiling samlstnut s and sliales, 
can he traeeil thioiigh the eoal-lields of (’tiitial Scotl.uid ovei an aie.iol at li'ast 1000* 
Sfpiare milo.s. Coal-seams, too, possess gicat jH>isistciiec The same seams, vaiying 
sliglitly in tliickncss and (piality, ma\ oltcii he traced tluoughont the whoh* of an 
extensive coal-tield. 



Fig. I!i3. — Secliun to illustr.'ilc tlic great lilliitlogical ilitl< n nn » of < ojiteiniS'raiicouH il»*|MihilN 
<XTUj>>mg Uu* same hon/on 

< 1 , cunglonieratf , l>, sandHtroii' , shale, o' <1, IiiiiisIoih- 


What is thus tiue of individual .strata may he altiimed also of gionps of sm li stiala. 
A thick mass of sandstone will he found a.s a inle to I>e imjre lonlimions than tme of 
conglomerate, hut less so than one of shale. A m nes of limeBtoiie beds usually 
stretches farther than either arenaceous or aigillaceous scduiicntB, I5ut even J-o the 

most extensive stratum or group of strata there must he a limit. It must end off, 
and give place to others, eitliei suddenly, as a hank of shingle i.s smceeded hy the 
sheet of sand heaped against its Ime, t*r, as is more usual, vr-ry graduall}, hy insenaiblv 
passing into other strata on all sides. ^ 

Great variations in the character of stratified rcxka may freijnently he observed in 
passing from one jiart of a country to another along the outciop of the sumo rocks. 
Thns, at one end, we may meet with a thick senes of sandstones which, traced in a 
certain (Tirection, m^ be found passing into shales (Fig. 223). A grouji of strata may 
consist of massive conglomerates at one locality, and may giafluate into tine fissile 
flag-stones in another. A thick mass of clay may he foumi to alternate more and 
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more with shelly sands as it is traced ootward, until it loses its argilIaceo]{8 nature 
altogether. 

Interesting illustrations of such arrangements occur in the south-west of England, 
where what are now groups of hills, like the Mendip, Malvern and other eminences, 
formerly existed as islands in the Mesozoic sea. De la Bechc pointed outdhat the 
upturned Carboniferous limestone {n a in Fig. 224) has formed the shore against wl^ich 

I 


Fig. 224. —Section iipsr Bristol to show how conglomerate rosy pass into clay along the same horisoii. 

B, Blaise Castle Hill ; s, Ifoant Skitham (R). • • 

the coarse shingle of the dolomitic conglomerate (h b) aoouniiilated ; that the latt^ 
traced away from its shore-line, passes on the same plane into red marl (c), and that 
during a gradual subsidence the clays and limestones of the Lias (d) crept over the* 
depressed shore line. He likewise called attention to the important fact that, in such 
erases, a continuous zone of conglomerate may belong to juany successive horizons. In 
Fig. 22.'i a .section is given from one of the islands in the south-west of England, round 



Fig. 2J5.— Section of |)art of the flank of tlie Mendip Hills (B.), 

•diowiug the Carboniferous lilinestone (« «) overlaid by dolomitic conglomenitc (b b), 
and that by red marls (>•). 


wliich the Trias aud Lias were deposited. Denudation has stripped off a portion of the 
overlying red marls. If the rest of tlic .section to the left of the dotted line (d d) were 
removed, there would remain a continuous muss of conglomerate, which, in default of 
other evidence to the contrary, would be regarded as one lied laid down upon tlic sloping 
surface of limestone, instead of, what it really is, a series of shore gravels piled upon 
each other, and lielonging to a consecutive series of deiiosits. 

Mere difference of lithological character, even within a limited geographical space, 
docs not necessarily mean diversity of age. At the present day, coarse shingle may be 
formed along the beach, at the same time that the finest mud is being laid down on the 
same sea-bottom farther from land. The existing differences of character lietween the 
deposits of the .shore and of the o|iener sea would no doubt continue to he maintained, 
with slight geographical displacements, even if the whole area were undergoing sub- 
sidence, so that a thick group of littoral deposits might gather in one tract, and of 
deefter- water accumulations in another. 

Among the formations of former geological jHjriods, the same conditions of deposition 
ap|)e|r sometimes to have continued for enonnous periods. The thick Carboniferous 
Liinestone of Western Europe evidently accumulated during a slow subsidence, w'hen 
conditions of clear water, with abundant giowth of crinoids, corals, mollusks, &c., con- 
tinned for a period vast enough to adnut of the gradual growth of thousands of feet of 
''.calcareous matter. Traced northwards into Scotland, this maasive limestone is gradually 
replaced by sandstones, shales, ironstones and coal-seams. These strata {m>ve that the 
deeper and clearer water of Belgium, Central England, and Ireland passed northwards into 
muddy fiats and .sandy shoals, which at one time were overepread with coal-growths, 
and at another, owing to more rapid subsidence, were depressed beneath the clearer sea 
which brought with it the organisms wliose remains are now to be^ seen in intereslations 
of orinoidal limestone. 
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Influence of the Attenuation of Strata upon apparent Dip.— Where 
a thick mass of sedimentary materials rapidly thins away in a given 
direction, a deceptive resemblance to the effects of underground movement 
may be observed. If, for example, we suppose that on a perfectly level 
bottonf a series of sedimentary beds is accumulated at one place to a 
depth of ifOOO feet, and that this series dies out in a di.stance of 80 miles, 
the inclination due to this attenuation will amount to a sloj)e of about t)2 
fee^ in a mile. That this structure has not been without considerable 
influence on the apparent dip of stratified rocks has been well shown by 
W. Topley with reference to the Mesozoic rocks of the south-east of 
England. \ 

Overlap. — Sediment laid down in a subsiding region, wherein the 
area of deposit is gradually increased, spreads over a progressively 
• augmenting surface. Under such circumstances, the later portions of a 
formation, or series of sedimentary accumulations, will extend beyond the 
limits of the older parts, and will repose directly upon the shelving 
bottom. This relation, called Oxerlap (Fig. 22(5), in which the highei* 



Kig. 220.— Section (tf (Jverlap ui the I.ower JuraitHic Herie* of the South-west of KuKlaiiil (/f ). 

The Old Bed Sandstone (c), Lower Limestone Shale (t)), and OarhoniferoiiH Lmifhtonc (u) l»a\tug bi'fi* 
previously upraised and denuded, the older beachr<« (d w), laid down niuoiifornmhly u|n>ii theio, 
wore successively coveied by coufornisbie JurasHie beds The Lian (r), with its upin i sands (/), is 
overlapped by the extension of the Inferior OoliL* (g) compleOdy ados'* Ihelr odges, unlll this 
formation comes to rest directly on the i’aljeozolc straUi at n Tlie t'<irre'<i»oiMling oxteiihlon of tlie 
overlying Fuller's Earth {h /) and limestone (i) lia.s les'ii removed by <ieiiii'lulioii - 

or newer members are said to “oveilap " the oldt'r. may often he detected 
among formations of all geological ages. It often bniigs before us the 
shore-lines of ancient land-surfaces, and shows how, as tliese sank under 
water, the gravels, sands and sills gradually advanced and coveretl them. 

This structure must be carefully distinguished from Uncoiiformalulity 
{po»Uii, p. 820). In Overlap there is no break in tlu; setjuence of 
formations; the strata that oveilap follow on continuously upon these 
which are overlapped. But in Unconformability there is a break in the 
succession, the overlying rocks have been laid down on the previously 
uptilted and denuded edges of those below them. In Fig. 22(1, for 
example, the upper or Mesozoic formations {d to i) form an unbroken 
series, so do the low’er or Paleeozoie stiata (a b r), but the latter hav(#l>cen 
disturbed and worn down before the deposition of the strata above them. 
The two series are said therefore to be unconformable. 

RelaUve Ups© of Time represented by Strata and by the Interval^ 
between them.— Of the absolute length of time represented by any straU 
or groups of strata, no satisfactory estimates have yet been possible. 
Certaiiv general conclusions may indeed be drawn, and comparisons jney 
be made betw'ein different series of rocks. Sandstones full of false- 
* ii. J. 0. S. %xx. (1874), p. 186. De U Beche, ‘Geol. Observer,’ p. 486. 
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bedding were probably accumtilated more rapidly than finely laminated 
shales or clays. It is not uncommon in certain Carboniferous sandstones 
to find huge sigillarioid and coniferous trunks imbedded in upright or 
inclined positions. Where, as in Fig. 227, the trees actually grew on the 
spot where their stems remain, it is evident that the rate oi tleposit of 
the sediment which entombed them must have been sufficiently rapid to 
have allowed a mass of twenty or thirty feet to accumulate before tjj^e , 
decay of the wood. 



‘.'•27.- Eioct trunks uf Sigillanu in saii'istom-, Cwm l.lccli, hrad of .Swaiist'a Valley, 
(ilam(nnau><hiui. (Drawn b> W E. Loj^aii ) 

Tliuse atiiins (the .'») feet in ciieMiinferpnce) foninil pait of .a series in the same rock, tlieir i-oota 

being knbetidt'd in a M»aiii of slialo |(an old soil) full of fern-leaic's, &c. The specimens wore, 
reiiiovod to the Museniii of tlm llojal Institution uf South Wales at Swansea. 1 

Of the durability of tlie.se ancient trees ac of iour.se know nothing ; though] modern 
instances arc on record whore, under certain eironinatancos, suhnierged tree.s have 
lasted for some oenturie.s. We may conjecture that where u|»rig)it or inclined stem.s 
me enveloped in one continuous stratum, the lato of accumulation was jirohably, on the 
whole, somewhat rapid. The general character of the strata among wliich such erect 
tree-trunks occur, obviously indicates shallow- water conditions, with continuous 
or intermittent suhsideiico. Unles.s .soon .submerged, dead trees would he subject to 
speodyrmhaerial decomposition. It occasionaliy liappcns tliat an erect trunk has kept 
its position even during the accumulation of a series of strata around it (Fig. 228). We 
can liardly believe that in such cases any considerable number of years could have 
elapsed between the death of the tree and its final entombment. From the decayed 
Audition of the interior of some imbedded trees, we may likewise infer that accumulation 
of sediment is not always an extremely slow process. Instances occur where (as Fig. 
229), while sand aud mud have lieen accumulating round the submerged stem, its interior 
has been rotting, so that eventually a mere hollow cylinder has been left, inb? which 
sediment and different plants (sometimes with the bodies of land animals) were intro- 


* De la Beche, ‘ Oeol. Observer,’ p. 501. 
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duced from above.' ' Large coniferous trunks (as in the neighbourhoo<l of Edinburgh) 
have beetkimbedded in sandstone, and have had 

their internal microscopic structure well pre- — — " ' 

served. In such examples, the drifted trees seem « 

to have sunk with their heavier or root - end \ 

touohing^he bottom, and their upper end |K)int- <i I' 

ing upward the direction of the ouirent, like _ 
the snags of the Mississippi, and to have been / Or’' 

dbm^etely buried in sediment before demy. |L.| j 

Continuous layers of the same ki)Hi ol d<‘jHjsii : JU'' 

suggest a })er8i8tenee of geological conditions . I' ll 

numerous alternations of ditferent kinds of sedi- \ ^ 

men^aiy matter point to vicissitudes or alteriia- ^ U 

tions of conditions. As a rule, we should infer . i ' 

th«t*the time repre.sented by a given thiekne.ss 
jf similar strata was less than that shown by the 
same thickness of dissimilar strata, because the 
changes needed to bring new' varieties of sediment '• 
into the area of deposit would usually mpiire the 
lapse of some time for tlicir completion. iJui ” 
this conclusion might often l>e erroneous, ll . , 

. 1 a'*'" Kim' Tim IniiiK lIMii^' thioilgll 

would be best supported wIkmi, from the very n mh-m nnjou ..f Htniij. K)!iiiin\\<n!h rt,| 

nature of the rocks, wide vaiiatious in the char- iiii\, .n.-vm ,\ si ).•(/{ ) 

acter of the wiitci-bottom could be established ,t, ihgii Mon ('.ml v.nii , i>, iiiuiiiiiiiDUK 

Thus a group of shales followed by a fossililerou.s • '• •’1'“' si'-i''-, >i, <i*Mi)Hiei '.jind 

limestone would luaik a period of slow depo.sii i^' "n ' 

and quiescence, almost always of longer dmatioii 

than would be ludieated by an ecpial d«[»lli ol 

sandy stiata, pointing to inoie adue .sedinienta(ion 'I’lmk limestones made nj> of 
remains of oigaiiMiih which lueit and dud iij>on the sjx)!, and 
, t who.se remains aie Clow (led logethei.geneiation ah«»vegenei(ilioii, 
must have deinandeci piolotiged peiiod', toi tin 11 (onnation. 

’ 1 M ^ speciil.ii lulls of this kind, we must heai in mind 

r. ' that the relative length of tune repirseiipd hy a givtii depth 
of stiata is not to he estimated merely iiom thnknesH m 
lithological chaiaeleis. It has ali» .idy liecn pointtsl out that 
- interval lM;tween tin d< jM)sit of tWo .siii < f«.MVf lamiiue at 

sliah; may have hteii us long as, oi cm 11 loiigei than, lliat 
l(‘<pllt'ed for tlic toiiiiatloli of one ol the laiiilll.e In like 
* manner, the inteival needul lot tlie transition Jioin one 

stratum or kind of strata to anothei may olten have lieeii 

(a t«)liiil)e(1(J<sl in Kiiiil- , , , 1 , , r r , 

sUmes (e r) and HlniU”, kiiaii equal to the time requiieit lo| tnr lolinatlon ol tlie 

(d (Ol its iiiterifir nili-it strata of either kind. Hut tin lelativi i lironologieal iiiiport- 
vvithdiffrrcnt sandy and jmee, of the liars or lines in the giologie.d lecftid ( un si'Iduiii 

clayey stniU (c f), and sjitisfactorilv disnissed iiieiely on lithological gioiimls. 
the whole covensl by a , 


liiluuiiiions 
(unijim'l 'xoid 


vs lute «>«ndttiiiie> 
sloiii , /i, ■'li.ih' 


Kig.-Jjy. trunk 

(<i (>) linls'dded in Kind- 
sUiues (e r) and shiib”, 
(fl (0, its interiur (illeil 
with different sandy and 


aatidstonolN,d(b)(/{.) ‘1" "1'"^ ''' "f oiganic re 

mains, a,s will la- shown in Hook V. Hv tins kind of evidonce, 
it can be made nearly certain that the inteival.s tepre.sented hy strata weic in many 4 
Ctm$ much shorter than those not so represented,— in otlnr woids, that the time 


* The hollow tree-trunks of the Nova Scotian nml-lields have yielded a most intereslmg 
■cries of tegestrial orgamtnns— land-snails and reptiles, For illustrations of trees in Oral- 
measure strata and th^deposition of sediiiient round them, see the Atlas to M. Kayol's 
memoir cited on p. 635. 




daring which no depoMit of sediment went on at any particnlar locidity was longer than 
tliat wherem deposit did take place. 


Ternary Succession of Sediments. — In following the order of sedi- 
mentation among the stratified rocks of the earth’s crust, the observer will 
be led to remark a more or less distinct tlireetbld arrangement or Su^’cession 
in which the sandy, muddy and calcareous sediments have followed each 
other. Phillips and E. Hull have called attention to this structure, 
illustrating it by reference to the geological formations of Great Britr in , 
while Newberry, Sterry Hunt and J. VV. Dawson have discussed it in 
relation to the stratigraphical series of North America. According to 
Professor Hull, a natural cycle of sedimentation consists of three phases : 
Ist, a lower stage of sandstones, shales and other sedimentaVy depof»its, 
representing prevalence of land with downward movement; 2nd, a 
middle stage, chiefly of limestone, representing prevalence of sea wilh 
general quiescence and elaboration of calcareous organic foimations ; 3rd, 
an upper stage, once more of mechanical sediments indicative of proximity 
‘ to land.^ 

Where the strata are interrupted by disturbance and uuconformability, we may 
suppose the cycle of 8e<li!nentation to have been completed by upheaval after prolonged 
subsidence. But where the eoutinuity of the formations is unbrokeu, as it is over such 
vast tracts in North America, upheaval is not required, aud the facts seem exidicable, 
as Phillips long ago showed, ou the idea of prolonged but. intermittent subsidence. 
Let us suppose a downward movement to commence, and to depress successive sheets of 
gravel, shingle, sand and other shallow-water accumulations, derived from the erosion 
of neighbouring laud. If the depression Ijc comparatively rapid, the bottom may soon 
be carried Iieyond the reach of at least the coarser kinds of sediment, and marine lime- 
secreting organisms may afterwards begin to form a calcareous floor beneath the sea. 
Let us imagine further, that the subsidence ceases for a time, and, that by the accumu- 
lation of organic i-eumins, and partly also by the dejKisit of line muddy sediment, the 
water is sliallowed. With this gi-adual change of depth, the coarser detritus begins 
once more to be able to stretch seawards, and to overspread the limestones, which, 
under the altered oireurnstances, cease to l»e formed. A gradual silting up of the area 
takes plaa', marked by beds of sand and mud, until a renewal of the subsidence, either 
suddenly or slowly, rejitores the previous depth and clearness of water, and allow’s either 
the pld marine organisms, which liad been driven off, or their modi&ed descendants to 
re-occupy the area and build new limestone. 

Groups of Sedimentary Strata. — Passing from individual strata to 
masses of stratified rock, the geologist finds it needful for convenience of 
reference to subdivide these into groups. He avails himself of two bases 
of classification — (1) lithological character, and (2) organic remains. 

1. The subdivision of stratified rocks into groups according to their 
mineral aspect is an obvious and easily applied classification. Moreover, 
it often serves to connect together rocks formed continuously in certain 
circumstances which differed from those under which the strata above and 

* Phillips, Mm, HeoL S^trv. ii. ; ‘0vol. Yorkshire,' ii. ; ‘GeoL Oxford,’ p. 293 ; Hull. 
Qwar& Jour, Sci. July 1869 ; Newberry, Proc. Amer, Aaaoc. 1873, p. 186 ; Proe, 

NtU. Nexo Yw'k, 2nd ser. No. 4, p. 122 ; Hunt, in Logan’s ‘Geology of Cuiada|| 

1868, p. 627 ; Amer. Jmm, Sci. (2nd .series), xxxv. p. 167 ; Dawson, Q. J.,0. S. Xxii, . 
p. 102 ; * Acadian Geology,' p. 186. Compare on this subject E. vanCden Broeck, AuM, Miu^ 
Ray. BrwaeiUs, ii (1883), p. 341 ; A. Rutot, op. eU. p. 41. 
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below were laid down--so that it expresses natural and original subdivi- 
sioiis of strata. In the middle of the English Carboniferous system of 
rocks, for example, a zone of sandy and pebbly beds occurs, known as the 
Millstone Grit No abrupt and sharp lino can be drawn between these 
strfttB^d those above and below them. They shade upwui-d and down- 
ward inti the beds between which they lie. Vet they form a conspicuous 
belt, traceable for many miles by the scenery to which it gives rise. 

Again, the red rocks of Central England, with their'red sand-stones. marls, rock-salt 
and gypsum, formk well-marked group, or nither series of groups. It is obvious, how- 
ever, that characters of this kind, though sometimes woiulerfully jKjrsisteut over wide 
of country, must be at host but local. The physical conditions of deposit must 
always have been limited in extent. A group of strata, showing great thickness in one 
region, will be found to die away as it i.s traced into another. Or its place is gradually 
taken by another group which, oven if geologically contetiijKuaiicous, jiossesses totally 
ditfereiit lithological characters. Jti.st as at the present time a group of sandy deposits 
grailoafly gives place along the sca-Hoor to others of mud, and these to others of shells 
or of gravel, so in former geological perioils, contemporaneous deposits were not alwags 
lithologically similar. Hence mere resemblance in mineral aspect cannot usually be 
regarded as satisfactory evidence of contem|>orBneity, except within comjwirstively 
contracted areas. The Carboniferous Liiiuvstone has already (p, 6.'i2) been cited ss a 
notable example. Typically in Belgium, Central England and Ireland, it is a thick 
calcareous group of rocks, full of corals, crinoids ami other organisms, which liaar 
witness to the formation of these rocks in the open t«‘a. But traced into the north of, 
England and Scotland, it passes into sandstones and shales, with numerous coal-seams, 
and only a few thin beds of limestone. The soft clay beneath the city of London is 
represented in the Alps by hard schists and contorted iimestones. We conclude, there- 
fore, that lithological agreement, when pu8he<l loo far, is apt to mislead us, partly 
because contem|)oraneou8 strata often vaiy greatly in lithological cliaracter, and partly 
liecauso the same lithological character may appear again and again m iliflercnt ages. 
By trusting too implicitly to this kind of evidence, wo may he led to class together 
rocks belonging to very (htfetent geological peiiods, and, on the other hand, to separate 
grou{)8 which really, in spite of their seeming distinction, were formed contemporaneously. 

2. It is by the remains of plants and animals imbedded among thi 
stratified rocks that the most satisfactory subdivisions of the geological 
record can be made, as will be more fully stated in Ikioks V. and VI. 
A chronological succession of organic forms c.aii be made out among the 
rocks of the earth’s crust A certain common facies or type of fossils is 
found to characterise particular groups of rocks, and to hold true even 
though the lithological constitution of the strata should gnatly vary. 
Moreover, though comparatively few' species are universally dihused, some 
possess remarkable persistence over wide areas ; and even w hen they are 
replaced by others, the same general facies of fossils remains, lienee 
the stratified formations of two countries geographically distant, and 
baviijg little or no lithological resemlilanee to each other, may lie compared 
And paralleled simply by means of their enclosed organic remains. ^ 

Order of Superposition— the Foundation of Geological Chrono- 
logy, — As sedimentary strata were laid dow'n upon one another in a 
more or less nearly horizontal position, the underlying beds must bo older 
than those whiclJ'cover them. This simple and obvious tnith is termed 
the Law of Superposition. It furnishes the m^ans of determining the 
VOL. I • 2 u 
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chronology of rocks; aad though other methods of ascertaining this 
point are employed, they must all be based originally upon the observed 
order of superposition. The only case in which the apparent superposition 
may be deceptive is when the strata have been inverted, as in the Alps 
(pp. 676, 693), where the rocks composing huge mountain masS^s have 
been so completely overturned that the highest beds appear as If regularly 
covered by others which ought properly to underlie them. But these 
are exceptional occurrences, wherein the true order can usually be nfade 
out from other sources of evidence. 

Part II. Joints. 

All rocks are traversed more or less distinctly by vertical or hi^!y 
inclined divisional planes termed Joints.^ Soft rocks, indeed, such as. 



Fl>{. 230.— CliW.i cut i(*-ciilcriiiK iuikIcs hy lines of .loiiil (U ) 

(Til** fiiow in sliiulou me one sot of JoiuIm, flios*- in li^'lit unotlier set ) 

loose sand and uncompleted clay, do not show these lines; but where 
a sedimentary mass has acquired some degree of consolidation, it usually 
displays them more or less distinctly. It is by means of the intersection of 
joints that rocks can be removed in blocks ; the art of quarrying consists 
in taking advantage of these natural planes of division. As joints differ 
somewhat in character according to the nature of the material which they 

^ 1’rofcM.sor Daubn'*e proposed a cla.s«iticalion of the vanoiis divisional planes of rocks 
*lue to rupture of original contuuuty, which he grouped together as Lithoclam. 1. Under 
the teim Leptodase he classed minor fractures, which may be either (o) syjidases, produced 
by ome internal mechanical or molecular action, and generally by contraction, as in cooling 
and drying ; or {h) pilioda,sfs, produced by some external mechanical movement, particularly 
by pressure, as in the .structures called cone in-cone, stylolites, and niiniforni mafble. 2. 
Duidases cortesjiond to what in English are called joints. 3. ParadaMs are faults. buU. 
St)c. (fM. Ftvncf (8), x, p. 136. On jointing, faulting and cleavage in rooks, see 0. Fisher, 
Gi'ttf. Moff. 1S84, p. 204, A. Barker, Geol. Mag. 1885, Brit, 1885, p. 813. G. K. 
(iill)ert. Amcr. Jmm. Set, xxiii. (1882), p. 25; xxiv. (1882), p. 50; xxvii. (1884), p. 47. 
W. 0. Crosby. Prae. Boston Soc. Sat. Hist. xxii. (1882), p. 72 ; xiilL p. 243. Auur. Owl. 
xii. (1893), p. 368. J. B. Woodwortln Prve. Boston StK. Nat. UiMt, xxvii, (18^fe), p. 168, 
G. F. Becker, B\dL Owl. Soc, Amer. iv. (1893), pp. 41-75 ; Trans. Atner. Inst. Min. Snffin. 
xxiv. (1894), p. 180. C. R. Van Hise, Jonm. Oeol. iv. (1896), p. 609. 
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traverse we may consider them in reference to the three great classes 
of rocks. 

1. In Stratified ftocks. — To the presence of joints some of the most 
famili^ features of rock-scenery are due (Fig. 230). Joints vary in the 
angles at jpr'lfich they cut the planes of bedding, in the sharpness of their 
definition, in*the regularity of their perpendicular and horizontal course, 
•in^heir lateral persistence, in number, and in the directions of their inter* 
section. As a nile, they are most sharply defined in proportion to the 
fineness of grain of the rock. In limestones and close-grained shales, for 
example, they often occur so clean-cut Jis to 1)0 invisible until revealed by 
fnscttire, ct by the slow disintegrating eflei'ts of the weather. The rock 
sjilits up along these concealed lines of division, whether the agent of 
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demolition be the hammer or frost. In coaibe-textured rocks, on th® 
other hand, joints are apt to show themselves as mure irregular sinuous 
rents. Occasionally one series of joints is so close set as to divide the 
rocks into thin parallel plates, and to give a new fissility much more pro- 
nounced than that of the bedding planes. 

As a rule, joints run {HTpemlii ular, 01 approxuiiately wj, to the planes of bedding, 
and descend vertically at not very unetjual distancis, ho that the iwitions rock 
between them, when seen in profile, apjieur niiirked off into so nmny wull-like niaaaea. 
But this symmetry often gives jilai e to a nnire or less tortuous course, with lateral joints 
in various random diiections, more esju-cially where the different sfiata vary cunsidfr- 
ably in lithological characters. A single joint may he traced for many yards, sonietimca^ 
it is said, for several miles, more jiarticularly when the rock is fine-grained, us in lime* 
•tone. But where the texture is coarse and unequrd, the joints, though abundatit, run 
into eacb^ther, in such a way that no one in particular can be identihed for more than 
a limited distance. fhe number of joints in a mass of stratified rock varies within wide 
limits. Among strata which have undergone little disturbance, the joints rnsy be 
aeparated from each other by intervals of several yards. But in other cases where 
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temttritl moYement htt been coniidenble, the rooks are so jointed as to ha\f» acquired 
therefrom a fissile character that has nearly or wholly obliterated their tendency to 
split along the lines of bedding. 

An important feature in the joints of stratified rocks is the direction in which th^ 
intersect each other. In general they have two dominant trends, on| coinKdent, on 
the whole, with the direction in which the strata arc inclined from the hofizon, and the 
other running transversely at a right angle or nearly so. Tlie former set is known as 
dip -joints, because they run with the dip or inclination of the rocks ; the ]at|pr is 
termed strike-joints, inasmuch as they conform to the strike or general outcrop. It is 
owing to the existence of this double series of joints that ordinary quarrying operations 
can be cairied on. Large quadrangular blocks can be wedged olf, which would be 
shattered if exposed to the risk of blasting. A quarry is usually worked y) the dif^f a 



Fig. I’laii of cuni'M conglomerate of blocks of CMiiibiiini u>ck8 in CHtboiiifmourt Liinestoua, 

tiavcmetl by a line of Joint cutting the individmil ImuidetH in llie line <1 h. Coast near Skerriri*, 

Dublin County (ii.> 

rock; heucc the strike-joints form clean -cut faces in front of tlie workmen as they 
advance. These are known as backs,” and the dip-joints, which traverse them, as 
“cutters.” The way in which this double set of joints occurs in a quarry may be seen 
in Fig. where the close parallel lines traversing the shaded and unshaded faces 
inark the planes of stratification, which here are inclined from the spectator. The steep 
faces in light are defined by the strike-joints or “backs.” The faces in shadow have 
been qviarried out along dip-joints or “cutters.” It will be observed that the long face 
in sunlight is cut by parallel lines of dip-joints not yet openeii in quarrying ; while in 
like maimer, the shaded face to the right is that of a dip-joint which is traversed by 
parallel lines of strike-joint. 

Ordinary household coal presents a remarkably well-developed system of joints. A 
block of such coal may bo observed to be traversed by fine laminie, the surfaces of many 
of which arc soft and soil the fingers. These are the planes of stratification. Per- 
peui4icnlai' to them run divisional planes, which cut each other at right angles or nearly 
so, and tlius divide the mineral into cubical fragments. One of these sets of joints 
makes clean sharply defined surfaces, and is call^ by English miners the face^ dyn 4 f 
cleat or kn-d ; the other has rougher, less regular surfaces, and is known as the end. 
The face remains persistent over wide areas ; it serves to define the direction of Idle 
roadways in coal-mines, which must run with it. 

According to observations made by Jukes, both strike-joints and dip-joints occur in 
beds of recently formed coral-rock in the Australian and other reefs.^ In like manner, 
a remarkably definite system of jointing has been noticed by Mr#Qilbert in the recent 


* ' Manual of Geology,’ 8rd edition, p. 184. 





<^ys ftnd nods of tb« dHod*it|>^ of tih« Se?i«r liko in Utah. Socfa modtm sedinirnit 
htTo oordiinly never been snbject to the preaeure of any supeHnoumbent rork, nor to 
tha torsion or other distarbance incident to subterranean movement. That great foi-oo 
has sometimes been concerned in the production of the structure is instructively shown 
in somegconglomerates, where the joints travem the enclosed ]>ebb)i>ii, aa well as the 
eorroanding^ttrix, in such a way that large blocks of hard quartz are cut through by 
them aa Ibarply as if they had been shoed in a lapidary a maciiiiie, and the same joints 
/uuiJ)0 traced continuously through many yanis of the rock (Fig. 232).* Indn’ation of 
relMife movement of the sides of a joint is often supplied by their rnbluHi ami striated 
surfaces, termed slitkeiiside», uhich have evidently been ground against each other. 
They are often coated with hwmatite, calcite, chlorite or other mineral, which has 
taken a cast of the striee and then seems itself to be striated. 

* Origin of Joints. — Probably more than one natural process has 
b*^ concerned in the production of joints, though the several causes 

.cannot be always satisfactorily discriminated in the effects. Two main 
source^ of these divisional rents are obviously (1) Tension, where the 
rocks have been pulled in two opposite directions, and (2) Torsion, where 
they have been driven together, and especially wdiere they have l)eeif 
subjected to the strain of torsion. 

(1) TVnufion.— The contraction of rocks gives rise to fissures of retreat in their masa, 
whether it results from the drying and conaolidalion of aqueous sediments oi from the 
cooling of masses that have been molten or have been highly heated. The prismatic or 
columnar system of joints observable in the gypsum of the Paris Hasin, the beds of 
which are divided from top to bottom into vertical hexagonal prisms, may he an instance 
of this cause.*'* A column.ar structure has often been superinduced upon strniified rocks 
(sandstone, shale, coal) by contact with intrusive igneous masses {p. 769). Where 
strata are thrown into arches and troughs, they necessarily undergo considerable tension 
along the axis of the fohls, and when the stress exceeds their elastic limit they obtain 
relief by rupture, probably sometimes in the form of innumerable longitudinal joints, 
sometimes of lines of fault. This cause, however, would give rise mainly to one set of 
joints parallel to the strike of the rocks. 

(2) Tofxion.—lvi experiments on the behaviour of various substances under the strum 
of torsion, Daubr^e produced two groups of cracks oblique to the axis of torsion, crossing 
each other at large angles, and having a striking re^semblance to the normal in tei seeling 
joints which occur among stratified rocks. He concluded that a system of joints may 
be explained as the results of the toision of strata arising during the movements to 
which the crust of the eartli ha« lieen subjected.* 

Mr. W. 0. Crosby in 1882 proposed the explanation that the most abundant type of 
joints, that of the straight, parallel and intersecting system, arise as the rebulU of the 
earth 'Waves generated during earthquakes, the rocks through which the waves pasn 
being exposed to such powerful alternate compression and tension as to rupture tliem.* 

** Joints form natural lines for the passage downward and upward of 
subterranean water (p. 465). They likewise furnish an effective lod^ent 
for the action of frost, which wedges off blocks of rock in the manner 
already described (p. 532). As they serve, in conjunction with l)e<Jding, to 
divide stratified rocks into large quadrangular blocks, their influence in tho^ 

* De la Beche, ' Geol. Observer,’ p. 628. 

Jukes’s ‘Manual,' 8rd edition, p. 180. 

** ‘^t^es de GvoWie expihrimentale,’ p. 300 ; and ante, p. 423. His experiinentK have 
MMi re])eated by G. r. Becker, Trains. Anier. Inti. Min. Engin. xxiv. (1894), p. 130. 

^ W. 0. Oro«by,. papers cited p. 6.58. 
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weathering of theee rocke is seen in the symmetrical and architectural as 
well as the splintered and dislocated aspects so familiar in the scenery 
of sandstone and limestone districts. 

2. In Igneous (Massive) Rocks. — While in stratified rocks, the 
divisional planes consist of lines of bedding and of joint, oiittinf each 



Fig. 288.— Porphyry, near Clynog Vawr, Cafrnar^oiishirp, divuli'd into ■.l.ibs hy a of 

clone parallel jointn (H ). 

other usually at a high, if not a right angle ; in igneous (massive) rocks, 
they include joints only ; and as the.se do not, as a rule, present the same 
parallelism as linos of bedding, unstratified rocks, even though as full of 
joints, have not the regularity of arrangement of stratified formations. 
Some massive' rocks indeed may have one system of divisional planes 
• 80 largely developed as to acquire a bedded or fissile charaefer. This 
structure, characteristically shown by some phonolites, may also be detected 
among ancient porphyries (Fig. 233). Most massive rocks are traversed 
by two intersecting sots of chief or “master ’ joints, whereby the rock is 



Fig. 234.— Jointed atnicturc of Oninite. 


divided into long quadrangular, rhomboitlal, hexagonal or polygonal 
columns. The most perfect examples of columnar or prismatic jointing 
are to be found in rocks of the basalt family. A third set of joints may 
lltsually be noticed cutting across the columns and articulating them into 
segments, though generally less continuous and dominant than the others 
(Fig. 234). When these last'iiamed cross'joints are absent or feebly 
developed, columns many feet in length can be quarried out entire.^ Such 
monoliths have been from early times employed in tile construction of 
obelisks and pillars. 



— — " ijN^M -; , ,, „ 

In large maeaei ^HlW, W outward inclinatiott of the natural diriaional (danei 
of the rodk may aometim«i be obserred, as if the granite were really a nidely bedded 
mass, having a dip towards and under the strata which rest upon its Hanks. It is not 
a foliatwl arrangement of the constituent minerals analogous to'the foliation of gneiss, 
for it cag be traced in perfectly amorphous and thoroughly crystalline granite, hut is 
undoubtedlj^a^rm of jointing by reason of which the rock weathers into large blocks 
piled ond n|>OD another like a kiihlof mde oycloj>oan masonry.* In the quarrying of 
jfra^ite, the workmen recognise that the rock splits into blocks tuuch more easily in 
one direction, though externally there is no trace of any .structure which could give 
rise to tKis tendency. 

Rocks of finer grain than granite, such a.% many iltorites and ilolcrites, acquire a 
prismatic structure from the uumlwr and intersection of }H*rpendioular joints. The 
prilms,^ow#ver, are unequal in dimensions, as well as in the mitnher and piopoitions 
of their sides, a frequent diameter la ing 2 or U feet, though they may .stuuetinieM be 
o^#rvod three times thicker, and evtemling up the face of a clilf for 300 or 400 feet. 
»It is by means of joints tliat precipitous faces of crystalline, no less than of seiHuieutsry 
mk, ai« produced and maintained, for they serve as openings into wliidi fiosl drives 
every year its wedges of ice. They likewise give rise to tlie lorniation of the fantastic 
pinnacles and fretted buttresses characteristic of igneous rocks. 

As lava, erupted to the surface, cools and passes into the solid condition, a contract - 
tion of Its mass takes place. This diminution of bulk is acconijianied by the develop- 
ment of divisional planes or joints, more espe< ially diverging from the upfvr and 
under surfaces, and intersecting at irregular distances, so as to divide the rock into rude 
prisms. Occasionally another series of joints, at a right angle to tlK'.se, traverses the 
ma.s8, parallel with its upper and under .sui faces, and thus llie rock ac<|UireH a kind of 
fiasile or bedded appearance. Tlie most characteristic structure, however, iimoiig 
volcanic rocks is the prismatic, or, as it is incorrci-tly termed, “ haHaltn'.” When- this 
arrangement wcurs, as it so commonly <loc^ in basalt, the mass is divided into tolerably 
regular [leiitagoiial, hexagonal or irregularly jiolygonal prisms or e(tiumiis, hct close 
together at a light angle to the main cooling surfaces (Fig. 23.^)). These piiNiiiH vaiy 
from 1 inch or even less to 18 or more inches in di.amcter, and rangi- Uf* to 100 or even 
150 feet in height. Many excellent and well known examples of columnar stiueture 
are exhibited on the coast-cliffs of the Teitiaiy volcanic region of Antrim and the west 
of Scotland, as in the Giant's Causeway and Fingal’s Cave. In many cases, no sharp 
line can be drawn between a columnar basalt and the beds alwivc and below, which show 
no similar structure, but into which the prismatic mass seems to pass. 

Considerable discussion has arisen as to the mode in which this colnmmir structure 
has been prcxluccd. That it is a spccic-H of jointing, due to contraction, was long ago 
pointed out by Scrojie, and is now generally coineded, though the conditimis undfr 
which it 18 produced are not quite (dear.'* Professor James Thomson sliowed how the 
columnar structure might be explained as a phenomenon of contraction, and subsequently 
Mr. Mallet concluded that “all the salient phenomena of the }»rismntie and jointed 
structure of basalt can be accounted for ujHm the admitted laws of cooling, and 
contraction thereby, of melted nx-k iMmscssing the known pnqicilins ol basalh the 
essential conditions being a very general homogeneity in the mass e«»oling, and tflat the 
cooling shall take place slowly, princi[»a!ly from one or moie of ita sm faces.” In the 
more perfectly columnar basalts, the columns arc sometimes articulated, ear-h prism 


* In the granite of the axes of the Rocky Mountains and parallel raugeH to the we.stwanlC 
a kind of bedded structure has been dweribed as passing under the cryslalliiu; sehisls, 

G. P, Scrope, ‘Geology and Kxtinct V^olcauoes of Central France,’ p. 1»2. J. lliomson, 
BrU. aSoc. 1863, Sects, p. 95. R. Mallet, Proc. Roy. Soc. 1875 ; Phi. Mag. ser. 4, vol. i. 
pp. 122, 201. T.^. Bonney, J. O. R. 1876, p. 140. J. Waltlier, Jakrh. Qeol. 

Reicktaml. 1886, p. 295. J. P. Iddlngs, Atner. Jmm. Sa. xxxi. (1886), p. 821. 


bliiig iMk (^gs. m 

And 237). This pee'QdiMi^ Wf« ttwMd hf Ifr. Killet to the bontraotion of each priimt 
ia iti length and in iti diameteri and to the ootaseqnent prodnotioii of transveree joints, 
whieh, as the resultant of the two contracting strains, are oblique to the sides of the 
prism, but, as the obliquity lessens towards the centre, necessarily assimie, when<wfeet^ 
a cup-shape, the convex surface pointing in the same direction as that in whi(di the prisin 
has grown. This explanation, however, will hardly account for cases, which* are not 
uncommon, where the convexity [wints the other wa)', or where it is aoinetiines in 
direction and sometimes in the other.* The remarkable sjdieroids (Kig. 94, p. 466) winch 
appear in many weathered igneous rocks besides basalts may be due,*wli6ro they ere not 
the result of weathering, to continued contraction within the hexagonal or polygonal 
spaces dedned by the columnar joints and cross-joints of a cooling mass. The contrac- 
tion of these blocks would tend to the development of successive apheri^dal' shells, 
which might remain mutually adherent and invisible in a fresh fracture of the rock, ye^ 
might make their presence effective during the complex pn^cesses of weathering.*^ Alter 
some exposure, the spheroids of basalt begin to a[ipear. and gradually crumble aw'ay 
by the successive formation and disappearance of external weathered cnists coats, 



Kig. 'iaV-Onliiiary coltiiiiimr Fig iW. Hall aiid-swkel. Fiu. 237.- Molilleatioii of bull- 

strnctiirn of .Jointing of cokiinns and-Hocket structure. 


which fall off into sand and clay. Almost all augitic or hornblendic rocks, with many 
granites and ptuphyrics, exhibit the tendency to deconijMxse into rounded spheroidal 
blocks. The columnar structure, though abundant among modern volcanic rocks, ia by 
no means confined to these. It is as well displayed among the lavas of the Lower Old 
Red Sandstone, and of the Carboniferous Lime.stonc in Central Scutland, as among those 
of Tertiary age in Auvergne or the Vivarais. 

As ali-eady stated, prismatic forms have been superinduced upon rocks by a high 
temperature and subsequent cooling, as where coal and sandstone have been invaded by 
basalt. They may likewise bo observed to arise during the consolidation of a substance 
from aqueous solution. In starch, for example, tlie columnar structure may be well 
developed, and not infrequently radiates from certain centres, as in basalt and other 
igneous rocks. 

3. In Foliated (Schistose) Rocks. — The schists likewise possess their 
joints, which approximate in character to those among the massive igneous 
rocks, but they are on the whole less distinct and continuous, while their 
effect i« dividing the rocks into oblong massea is considerably modified 
by the transverse lines of foliation. These lines play somewhat the same 

Scrope pointed this clearly out {Oeol. Mag, September 1876), though Mallet (i6W. 
November 1876) replied that in such casea the articulations must be formed just about the 
dividing surface, between the part of the rock which cooled from above and that which 
cooled flrom below. See also on this subject J. P. O’Reilly, TtaM. Roy. Irish Acad, xxvi. 
(1879)^ p. 641. . ' 

* Bonuey, Q. J. H. S. 1876, p. 151. The perlitic structure is pro^ly a mkroecopic 
exgmpls of the same kind of contraction. 
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pftrt SM <»f itvi^ioa^on among the stratified mka, tlioogli with less 
definiteness and precision. The jointing of the more massive foliated 
rochsi such as the coarser varieties of gneiss, approaches most closely to 
that of granite ; in the finely fissile schists, on the other hand, it is rather 
linked "^with* that of sedimentary formations. Upon these differences 
much of tfie characteristic variety of outline presentwi by cliffs and crests 
of foliated rocks depends. 

^iSandstone Dykes. — Reference may perhap.s be most conveniently 
made here to thtf filling up of opened joints or fissures with sedimentary 
material, so as to give rise to dyke-like 
veip% indifferently any kind 

of rock. In some c^iisea the origin of 
tkaie veins is obviously due to the 
•ordinary deposit of sediment over an 
uneven^ and rifted surface of submerged 
land. If such a surface has been worn 
by denudation into deep clefts and narrow 
chinks and is then in that condition 
carried dowji beneath sea - level, these 
depressions will be speedily filled up with 
gravel, sand or silt. On long subsequent 
re-exposure at the surftice, the older rock 
may be laid bare with numerous pipes or 
veins of conglomerate or sandstone dc 
scending into its mass. Good illustrations 
of this structure may be seen on the south western flanks of the mountain 
Slioch, above Loch Maree, Ross-shire (Fig. 238), where ramifying clefts 
in the denuded surface of the ancient Lewisian land have preserved thp 
sediments of the Torridonian waters under which that land was suhmorged. 

But many instances have been observed where the cxi>lanation is not 
so obvious ; where the fissures have not been laid bare l>y denudation, 
but have been opened by underground movements ami have immediately 
or speedily been filled with sedimentary material. IVobably in most 
cases the infilling has been from above, but in some examples it appears 
to have come from below. The following ilhistrations will show the 
nattire and wide distribution of this atracturc. 

Lava-streams in cooling not infrequerjtly split open in irregular 
fissures. Into these cavitie.s dust and debris may be blown by wind or 
washed by rain. Where the molten rock has entered a lake or the sea, 
sandy silt may be washed into the rents and gradually fill theifi up. 
This sediment may even be stnitified horizontally between the vortical 
walls of its enclosing fissure. Numerous examples of this structure have 
been observed among the andesit^is aiul other lavas of the Old Red Sand-^ 
stone of Central Scotland (Fig. 3.36). 


lA'wislaii (") 

r<»n({loincint4* bdiI S«iitlKnjn< (h), 
iKiilli «)f Fasarh Hum, KinUn’Iirwi’, 
Moss hllllt' • 


* Th^epUi of this ftmnre is about 3 feet. .Mr. C. T. Clough ha* traced another example 
in the same difltrict>!gor a length of 2 miles, aoinetinies deKcendlng 100 feet down into the 
gndaa. Mr. B. Greenly has described a group of sandstone pipes in Anglesey, one of which 
li eao nds 12 feet from an overlying sandstone into a limestone. J/op. 1900, p. 20. 
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PfofeMOr itvlow 1m d««cribed 6om dyk«8 of bard that 

traverae the Keooomian cliya of the district of Alatyr^ llnssia. As these daycare soft, 
dssures opened in thera must soon have closed unless rapidly filled with foreign material. 
Fortunately this mateiial has enclosed contemporaneous organisms which prove it to be 
a sand of Oligocene age. It would tlius appear that the Neocomidn clays loyjwneath 
an older Tertiary sea, that they were rent oj)€n, probably by a submarifie^eartbquake, 



Fik. 23i'.“Qmnp of Saiidatoiie Dykes in Cretaceous strata on North Fork of Cottonwwsl Creek, Sacra- 
mento Valiev, California. Phot*>praph l»y .f. S. Diller, U. S. o<«ol. Snrv. The largest dyke is four 
iuqjtes thick. 


and that the fissures tints produced were at once filled up with tlic sand and shells 
of the overlying sea- floor. These “ sandstone- dykes ” become in this w-ay natural 
Wsniograplis.’ 

Mr. Whitman Cross has described, from the Pikes Peak region of Colorado, a much 
more ancient scries of dykes which traverse a pre-Cambrian granite. They consist 
of fine even -grained sandstone or quartzite, which has filled a network (}f nearly 
parallel fissures with many branches and connecting arms. The ^eins vary from thin 

‘ A. P. Pavlow, OeoL Mag. 1896, p. 49. 
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ilms up to a fovr iti bi^th, but aome atteiu a tridtb of many yard*, whfto two 
arm prdininent ridgea on the sarfaoe, with a width of ftwm 200 to 800 yanls each, 
lie largest examples can be followed for nearly a mile. These veins have more recently 
teen examined by Mr. W. 0. Crosby, who has traced them for many miles along the 
^round^ra versed by tile great fault of Ute Pass. He has found them closely accoin* 
tanyiug thU Oislocation, and nowhere more than 500 to 1000 feet (li.stnnt from the 
irinoipat line of displacement, and he suggests that the fissures were formed at the 
ime of the production of the fault, and were filled in with sand from the overlying 
’oSdam sandstone.^ 

Sandstone dyke# have been met with in scine number in Norlhein Califi'rnis, and 
inder conditions which have suggested another explanation of tlieii oiigin. Mr, J. S. 
[)iller, who first called attention to them in that region, found forty-five e>:ainples thi're, 
ilAip^xinfhtely parallel, usually vertical, and varying fiom mere films to (Ught feet in 
tyjeadih and from 200 yards to 9^ miles in length (Fig. 239). They eouhist of an impure 
julttzosc sindstonc, and intersect the Cietaceoiis sandstones and shales along lines of 
joint, without distortion or displacement of the strata. Mi. Diller has suggested that 
they represent fissures caused by earthquakes, which have been tilled in with sand 
rapidly injected from below, probably from an underlying sundstono, tlie material of 
which resembles that of the dyke.s.'^ • 

Part III. Inclination of Rocks. 

Tfio most casual observation is sufficient to siitisfy us that the rocks 
now visible at the earth’s surface are seldom in their original jiosition. 
We meet with sandstones and conglomerates composed of water-worn » 
particles, yet forming the angular searjis of lofty mountains ; shales and 
clays full of remaitis of fresh-water shells and land-plants, yet covered 
by limestones made up of rnanno organisms, and these liniestones rising 
into great ranges of hills, or undulating into fertile valleys, and iiassing 
under the streets of busy towns. Such fatts, now familiar to every 
reader, and even to many observers who know little or nothing of system 
atic geology, point unmistakably to the conelusion that nio.st of the 
rocks of the land have k'en fornuMl under water, soni(*t lines in lakes, 
more frequently in the sea, and that they have been elevateil into land. 

But further examination di.scloses other and not less convincing evi- 
dence of movement. Judging from what takes place at the present time 
on the bottoms of lakes and of the sea, we confidently infer that when 
the strata now constituting so much of the solid framework of the land 
were formed, they were laid down nearly horizontally, or at least at low' 
angles {anU, p. 636). When, therefore, we find them inclined at nil 
angles, and even standing on end, w'e conclude that they have been dis 
turbed. Over wide spaces, they have been upraised bodily, with little 
alteration of horizonUdity ; hut in most places some departure frorl^ that 
original position has been effected. 

Dip. — The inclination thus given to rocks is tcrmwl their Dip. It^ 

» W. CroJWJ, JiuU. OeoL Sor. v. (1894), p. 225; W. O. Ciosby, //«//. fy$ex 

IfuUiuUf Mass, zxvLi. (1895), p. 113. 

• iJtt/j. Oed. Soc, Amrr. i. (1890), p. 411. Mr. Diller refers to c.arlier notices of the 
stmetnre by Darwitwin California, J. D. Dana in Oregon, Whitney in California, and M‘0«e 
in Eattem Central Mississippi. Mr. Hay has describfwl some instances from Nebraska, 

eit ill (1892), p. 56. 




^ amount k esnnreaiied in degrees m^aeured IrOln the |>1iinr of ^e horizon. 
Thus a set Of r^he half-way between the horizontal and vertical position 
would be said to dip at an apgle of 45®, while if vertical they would be 
marked with the angle of 90®. The inclination is measured with an 
instrument termed the Clinometer, which is variously made, hut ofVhich 



Fl^. 241). -Ciiiioiiiet^r-the leaf containing the ]>t‘iii|ii1iini niid index. 
(Half tiie size of the original ) 


dhe of the simplest forms is shown in Fig. 240. This consists of a thin 
strip of boxwood, two inches broad, strengthened with brass along the 
edges, and divided into two loaves, each 6 inches long„hinged together 
so that when opened out they form a foot-rule. On the inside of one of 
these leaves a graduated arc with a pendulum is inserted. When the 
• instrument is hold horizontally, the pendulum points to zero. When 
placed vertically, it marks 90 . By retiring at a right angle to the 
direction of dip of a group of inclincii beds, and holding the clinometer 



Fig. ’.Ul. - ApiMimitly lionaontal Strata (C,). 


before the. eye until its upper edge coincides with the line of bedding, we 
readily obtain the amount or angle of dip. In observations of this natui*e 
it is of course necessary either to place the clinometer strictly parallel 
with fhe direction of dip, or, if this be impossible, to take two measure- 
ments, and calculate from them the true angle.^ Simple as observation 
of dip is, it is attended with some liabilities to error, against which the 

^ lu Jukes’s Memoir on the South Staffordshire Coal-field," in Memoirs of Oed. Survey 
(2ud edit p. 213), a formula is given for calculating the true dip from the apparent dip aeeu 
in a cliff. A graphical method of computing the true dip from observations of two i^pareut 
dips has been suggestexl by Mr. W. H. Dalton, Oeol. Mag. x. p. 8]i2. See also Green's 
' Physical Geology,’ 1882, p. 460. A. Harker, Oed. Mag. 1884, p. 15«, and a paper on th« 
use of the protractor in field-geology, /Voc. Rog. Ihtblia Soc. viii. (1893), p. 12. 



obterv^ should be on his guard. A single face of roek may not disclose 
the true dip, especially if it be a clean-cut joint-face. In Fig. 241, for 
example, the strata might be supposed to be horisontal; but another 
side view of them (as Fig. 242) might show them to be gently inclined or 
even nea^lj* vertical. 



FitJ. -'4J. — Konl incliimtiuii of .Strata ^llowll in Fijj I'.Ml (/.'.) 

Again, a deceptive surface inclination is not infrequently to be soon 
among thin-bedded strata. Mere gravitation, aided by the downward 
pressure of sliding detritus or “ soil-aip," suffices to bend over the edges 
of fissile strata, which, though really dipping into the hill, are thus made, 
to appear superficially to dip away from it (Fig. 243). Similar eflects, 
with even proofs of contortion, may be noticed under boulder- clay, or in 
other situations where the rocks have been bent over and crushed by a 
mass of ice. 

When the dip is outward in every direction from a central point, it 
is said to be qud-qud-versal (A in Fig. 245). Strata thus aflVcted are 
thrown into a dome-shaped structure ; while when the dip is towards a 
central point, they have a basin-shaped structure. 

Outcrop. — The edges of strata which appear at the surface of the 
ground are termed their Outcrop or Basset. If the strata are quite 
horizontal, the direction of outcrop depends on inequalities of the ground 
and variations in amount of denudation. Perfectly level ground lying 
upon horizontal beds shows, of course, no out- 
crop, for the surface coincides with a plane 
of stratification. But occasional water-courses 
have been eroded below the general level, so 
as to reveal along their sides outcrops of the 
strata. The remarkable sinuosities of outcrop fiu. »up#ici*i iiip. 

produced by the unequal erosion of horizontal 

strata are iUustrated in Fig. 244, where A is a map of a piece of ground 
deeply trenched by valleys, and B that of an area comparatively lithb 
denuded. In both cases the outcrops are seen to wind round the sides 
of the slopes. 

Where strata are inclined, the course of their outcrop is regulated 
partly by the direction and amount of inclination, and partly by the 
form of the ground. When with low angles of dip they crop outf that 




is, riw to the eurface, along a pei^ectly level ^ece of ground, l^e out- 
crop runs at a right angle to the dip. But any inequalities of the surface, 
such as valleys, ravines, hills, and ridges, will, as in the case of horizontal 
beds, cause the outcrop to describe a circuitous course, even though the 
dip should remain perfectly steady all the while. If a line of precipitous 
gorge should run directly with the dip, the outcrop will there bebokicident 
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Fig. 244 .— Sinuous outciops of hoiizontal Strata 
(leiwndiiig on inequalitioa of aurface. 


with the dip. The occurrence of 
a gently shelving valley in that 
position will causd the outcrop to 
descend on one side and to mount 
in a corresponding wj^y the 
other, so as to form a V-shaped 
indentation in its course. A ridg^j, 
on the other hand, will produce a 
deflection in the opposite dir3ction. 
Hence a series of parallel ridges 
and valleys, running in the same 
direction as the dip of the strata 
underneath, causes the outcrop to 
describe a widely serpentinous 
course. 

The breadth of the outcrop 
depends on the thickness of the 
stratum and on the angle of dip. 
A bed one foot thick inclined at 
an angle of T, on a perfectly level 
piece of ground would have an 
outcrop about 60 feet broad. At 
a dip of 5 ° the breadth of the 
outcrop Avould be a little over 1 1 
feet. At 30'’ it would be reduced 
to 2 feet, and the diminution would 
continue until, when the bed was 
on end, the breadth of the outcrop 


Th« wm y blnck lines mark the outcrops of successive 
confOrmnhle horizontal IxmIh. 


would, of course, exactly correspond 
with the thickness of the bed. 


It is further to bo observed that among vortical rocks, the direction of the 
outcrop necessarily corresponds with the strike, and continues to do so 
irrespective altogether of any irregularities of the ground. The lower 
therelbro the angle of inclination, the greater is the eflect of surface- 
inequalities upon the line of outcrop ; the higher the angle, the less is , 
that influence, till when the beds stand on end it ceases. 

' Strike. — A horizontal line drawn at a right angle to the dip is called 
the Strike of the rocks. From what has just been said, this line must 
coincide with outcrop w hen the sui-face of the ground is quite level, as on 
the beach in Fig. 245, and also when the beds are verti^l. At ail other 
times, strike and outcrop are not strictly coincident, but the latter 
wanders to and fro across the former according to changes in the contour 





Fig. 246.— Geological Map, alinwliig Btrata cx|>o»''<l contiiiuoualy Hlmig a bcaclt 
and occaalunally in the inlcnoi 


Two groups of strata, dipping the one east and the other west, have btjlh 
a north and south strike. Strike may he conceived as always a level line 
on the plane of the horizon, so that, no matter hoM' much the ground may 
undulate, or the outcrop may vary, or the dip may change, the strike will 
remain horizontal. Hence in mining operations, it is commonly sjiokon 
of as the leveUaurse or levclhearinq. A “level ” or underground roailway, 
^driven through a coal-seam at right angles to the dip, will undulate in its 
trend if the dip changes in direction, but it may be made iKirfoctly level, 
and kept so throughout a whole coal-field so long as it is not interfered^ 
with by dislocations. 

In Fiff. 245 , the strike and outrrt»|> are coincident on the Hat Ijcach, Imt cease to be 
SO the Dement the ^ound begins to slop up into the coast-cUff. This is seen in the 
Mstern half of the map, where the lines of outcrop slant up into the cliff at an angle 
* dependent mainly on the amount of the dip. A section drawn in the line L V would 
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show" in %. m iy Aottog the englee of dip it ie 
possible to estbuite the thfekness of e ssHIm of beds, sod how far beneath ihe s^ace 
any given bed might be expected to be fonnd. If, for instance, the horizontal distance, 
across the strike between beds 8 and A (Fig. 245) were found to be 200 feet, with a 
mean dip of 15°, the actual thickness would be 51 *8 feet, and bed A would be^ found at 
a depth of 53 '8 feet below the outcrop of S. If the same development ofstpata ooutinuea 
inland, the bed A should be found at a little more thau 200 feet beneath tl^e surface, if a 
boro were sunk to it in the quarry (Q). If the total depth of rock between a and ft be 
1000 feet, then evidently, if the strata could be restored to their original approxiniately 
horizontal position, with bed a at the surface, bed ft would be covoi^d to a depth of 1000 
feet. It will be noticed also that as the angle of dip increases, the outcrops are thereby 
brought closer together. Where the outcrops run along the face of a cliff qr ste^ bank 
(B) they must likewise be drawn together on a map. In reality, of courdb, tK^ ^ria* 
tions take place though the same vertical thickness of rock may everywhere intervene 
between the several outcrops. 



FIk. 246.— Section along the line I. L’ in Kig. 24'». 


It is usually desirable to estimate the thicknesses of strata, especially where, as in 
Fig. 248, they are exposed in continuous section. A convenient though not strictly 
accurate rule for this purpose may be applied in cases where the angle of inclination is 
less than 45°. The real thickness of a mass of inclined strata may be taken to bo ^ of 
its apparent thickness for every 5“ of dip. Thus if a set of beds dips steadily in one 
direction at 6“ for a horizontal space of 1200 feet measured [lerpendicularly to the strike, 
their actual thickness will be ^5, or 100 feet. If the dip be tlie true thickness will 
be vV, or 300 feet, and so on.* 


Part IV. Curvature.^ 

A little reflection will show' that though, so far as regards the trifling 
portions of the rocks visible at the surface, we might regard the inclined 
surfaces of strata as parts of straight lines, they must nevertheless be 
parts of large curves. Take for example the section in Fig. 247. At the 
left hand the strata descend beneath the surface at an angle of no more 
than 1 5°, but at the opposite end the angle has risen to 60“. There being 
no dislocation or abrupt change of inclination, it is evident that the beds 
cannot proceed indefinitely downward at the same angle which they have 

* ^tfaclaren'a ‘Geology of Fife and the liOthian.s,' 2ud edit. p. xix. For tables for 
estimating dip and thickueNi, see Juke.s’s ‘Manual,' p. 748 ; Green’s ’Physical Geology,’ 
p. 460. 

^ A usoAil comiteiidium of information regarding geological terms for the dislocations and 
curvatures of rocks has been prepare<l by M. E. de Maijerie and Professor A. Hdm, ‘ Lm 
D iriocatlons de I’ficorce terrestre,’ 1888, Zurich (in French and German). A discussion of the 
various types of plication and dislocation of rocks is given by Bailey Willis in his memoir on 
“The Mechanics of Appalachian Structure," in the ISth Ann, Rep, U.S, 0. S. 1^(94 ; and ■ 
later disquisition will be found by C. R. Van Hise in Joiim. Geof. (f896), iv. pp. 196, 812, 
449 and 593. 
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At the surface, otherwise they would run away from each other, bat mast 
bend A>und to accommodate themselves to the difference of inclination. 
By prolonging the lines of bedding for some way beneath and above sea- 
level, we can show graphically that the strata are necessarily curved (Fig. 
248)? Aj^ction of this kind brings out clearly the additional fart that 
an up^afd continuation of the curve<l l^etls must have Iwen carried away 
by de]Midation of the surface. In every instance therefore where, in 
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Milking ovci‘ the surface, we ti averse a series of strata which gradually, 
and without dislocatioris, increase or diminish in inclination, w e cross jrnrt 
of a c^irvature in th(‘ strata of the earth’s crust. The foldings, however, 
caJ» often he distinctly seen on clitFs, co;ist-Jine.s, or other exposures #f 
rock (Fig. 249). The ohservei cannot long ciuitinuu his lesearches in the 
field without discovering that the strata composing the earth’s outer crust 
have been almost everywhere thrown int(» curves, usually so broad and 
gentle as to escape observation (*xvept when specially looked for. 



FI*;. 248.— .'krctioii of liirliiK'd Stiatii, a* in Kv' -’*7, uliowm*; tli.ii f.inn jwit ni « iriij{c ciinp 

If the inclination and curvature of roek*' are so clo.sely connectfjd, if 
corresponding relation must hold between their strike and curvature. 
In fact, the prevalent strike of a region is determined by the direction of 
the axee of the great folds into which the rocks have been thrown. If 
the curves are ^tle and inconstant, there will be a corresponding varia- 
tion in the strike. But should the rocks be strongly plicated, there will 
VOL I t *2 X 
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necessarily be the most thorough coincidence between the stride and the 
direction of the plication. ® 

Monoclines. — Curvature occasionally shows itself among horizontal 
or gently inclined strata in the form of an abrupt inclination, and then 
an immediate resumption of tfio previous flat or gently sloping position. 
The strata are thus bent up and continue on the other si<le of*the fold 



!''iK -I'* - Cm \i‘(l Slim i.m I{<m k'. uti Uif < <.( )tci « k k-diiit' 

at a higher lcv(‘l. Such bends are callt'd Monoclines or niojio- 
clinal folds, because they pn*sent oidy one fold, or one half of a fold, 
instead of the two in an arch or trough (Fig 271), section 1). The most 
notable instance of this structure in Britain is that of the Isle of Wight 
(Fig. 250), where the (Iretaceous rocks {<■) on the south side of the island 
rapidly rise in inclination till tln-y lK;come nearly vertical, while the 
Lower Tertiary strata (/) follow with a similar steep dip, but rapidly 

K 


Ki}?. 250 Sceti(»ii of a Moiif»clninl Fold, l>4l( ot \Vi;<ht 




flatten down towards the north coast. Probably the most gigantic mono- 
clinaljolds in the world are those into which the remarkably horizontal 
and undisturbed rooks of the Western States and Territories of the 
American Union have been thrown.* ^ 

^ From the abundance of inclined strata all over the world, we may 
readily perceive that the normal sti ucturo of the visible part of the earth’s 

^ See the dUcussions of Messrs. BaHey Willis aiid Van HIse, cited on p. 672 ; alao 
I’oweirs ‘'Exploration of the Colorado Kiver of the West,” and “Geology of (lie Uinta 
Mountains,” in the Reports of the United States Geographical an^ Geological Survey. 
Dutton 8 ‘High Plateaux of Utah,’ and ‘ History of the Grand Canon ’ ; Gilliert’s ‘Geology^ 
of the Heuiyr Mountains,’ 
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crust is one o! ianumsrable foldings of the rocks. Soineti|D6i more 
steeply* sometimes more gently undulated, not infrequently dislocated 
and displaced, the sedimentary accumulations of former ages everywhere 
reveal evidence of great internal movement. Here and tliere, the move- 
ment ^as rgsulted in the formation of a dome-shaped elevation of the 
strata, .wfterein, as if pushed up from a single point, they slojie away 
on all sides from tiic ccMitre of greatest upthrust, with a 
di[f (pp. 609, 071). Where the top of the dome hxs been removfd, the 
successive outcrups of tie* strata form eoncentru* rings, the lowest at 
the centre, the higln-.st at the eircuinference, the dip being outwards 
fron^^the eentre (A in Figs. and LMO). 'I’he converse structure, 
wlfercihe'hti ata have sunk tow.iids a central point, gives rise to a lijtsin 
ia which, afti'r exposure l»y (leninlalion, the outcrops of tlie strata like- 
wise form concentric rings, hut wluue the <lip is inward to tin; middh' of 
the l)a^in (.s' in Fig. lMO). 



y>\ Am li, or AiiticliiK'. It lias Ut ii '!■ lui-lnl l.\ vlo- i«*mo\!il ol sliowii liy 

til' <loHtil hill* i( < .lino* till .(xiH ^ 

Anticlines and Synclines. In the vast majority of eases, liowever, 
the folding hxs taken place, not lound a point, hut along an axis. 
Where strata dip away Irom an axis so as to form an arch or saddle, 
the structure is termed an Anticline, <»r anticlinal axis (Fig. 251). 
Where they dip towards an axis, foiming a trough or liasin, it is called a 
Syncline, or synclinal axis .(Fig. 252 ). In a ipnijilc or syrnmetrieal 
fold the axial piano is vertical or •apj»rovimately so, and the liml>s have 



on the whole the same general angle of inclination in oj)))oKite diiections 
(Figs. 251, 252). In many cases, however, the axis is markedly in- 
clined and the dip on om; side is much stecjMjr than on the other, though 
on both sides still towards opposite directions This inclination may 
'increase until the fold is bent over, so that the strata on one si«le are 
inverted and the dip is in the .same dir ection, though it may he at dill'ereritv 
angles, in the two limbs. 

An anticlinal or synclinal axis must always die out unle.ss abruptly 
terminrvted by dislocation. In the anticline, the crest of the bdd, after 
continuing horil>ntal, or but slightly inclined, at last Ixigins to turn 
downward, the angle of inclination lessens, and the arch then ends or 
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“noses out^* In a synclinc, the trough eventually bends 
upward, and the beds, with ^duall}' lessening ^'angles, 
swing round it. 

Inversion. — Inverted folds occur abundantly in regions 
of great plication. The gradual increase of de4)rmaAon in 
a region was admirably illustrated from the Aj^Uachian 
coal-field by H. D. and W. B. Bogera, who gave an in- 



Kig, liUTitod Folds aiiil Isoclinal Stmcttire. 

structivo demonstration of a series of plications, be^innin^ 
with symmetrical folds, succeeded by others wdth steep 
fronts towards the west, until at last these steeper fronts 
piiss under the opposite sides of the arches, giving rise to 
a series of invei;ted folds (Fig. 253). The Silurian uplands 
of the south of Scotland have the arches and troughs tilted 
in One direction for miles togethei', .so that in one-half of 
each of them the strata lie bottom upwards (Fig. 254).^ It 
is in large mountain-chains, however, that inversion can he 



Fig. 25r>.~Slructnio of the Olarnisch Mouutuin, after Iklt/ei. 


seen on the grandest scale. The Alps furnish numerous 
striking illustrations. On the north side of that chain, the 
Secondary and Tertiary rocks have been so completely 
turned over for many miles that the lowest beds now form 
the tops of the hills, while the highest lie deep below them. 
Individual mountains (Figs. 255, 256, 257, 258) present, 

‘ Professor Ltipworth has worketl out with much skill the inverted 
anticlines and synclines of the “Moffat Shales" {Q. J. (J. S, xxxiv. (1878), 
p. 240), and has pointed out the existence of a similar stmeture in the 
Scottish Highlands (f/eof. Mag, 1883). The structure of tbe,^ Southern 
Uplands of Scotland has .since been exhaustively descrU<«d in the Geological 
Survey Memoir on that region by Messrs. Peach and Home (1899), where many initractive 
diagrams will l»e found. 
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stnpenjoiis examples of inversion, which can be followed with the eye 



Kiy, ~ Stnn tiiiv iif Ui** Moiintnin, nfler Roth|)l«tz 

* JurnsHic , 3, Cn t«cw>iis ; 4, Kort“ii« a»d OIlKut'fiin ii, a, T)iruiil-]iUiiHH (p. il®l) 

frmn a distance along their slopes, as on the iloclivitios on either side 
of the upper end of the Lake of Lucerne, where great grou|)8 of strata 



Fin Jj 7. IhM'Mion aiixm. tJn iiKiiiiittiiiK (if )1ih Luke <>| WH)lcii<itn(|t. CHiitoim 0 !«hi» aiirt 
St <»nll .» (•(.kIiiv' to I’lofcsHiii 111 nil (( (iiiijotic Fijj >1). 

«• KfiCvrii' . t'li ta( fiitis , u\; White JiiDi 1111111.1 ii|i\\nii| nii Uie left Itanil over the )>lic4»t*Mi Boct lie ; 
h.j Umiwii iJiir.i ; I, Trias . *, Sihistose km ks, jm-iIihjis iiietuiimr jthose'l Falesviite foi tliiitionN; 

have been folded over and ttver each other, as we might ft>l(l carj)ets,’ 

* 'Hie “(ilariier (loulile 'foM 1ms lieeii llic nuhjfit of eoiiMdenihle diseiisaioii. ThiiHtnic- 
ture, iicoonliiin to UtMin. is .^howii lu Km. ‘JT*? (' ^fel•^lr^I)|s|||l|^(^er (JeliirnhliiltiuiiK'). ■ In liis 
view, the whole of the nx-ks, schists imliKlerl, icniainH inuhsturlied until the yiost EiK-eiie 
toMin^. Vueck, liowetcr. conk'iulo'!. with enthoit iirohahilitt. that tin* ohlcr schists me 
iinconforiuahlj' oxcrlairi lo hitcr foinmtii-ns (./k/ii/i OVo/ Hnrhmugf. 1870,}). 72(1; 18K4, 
pp. '238. tJ20 ; Ve,h<Ui>U. kv../. lUuh^. Is80, p. IHp , 1881. p 43). A. Heim. IVrArtwiff. 
Oeol. Rnchs. 1880. p. l.^iS : ISsl, p. -JOl. Sre also Airh. Sri. Phyn. Mtf., Geneva, 
Noveinl^er 1882, p. 21; i/u s, fiulf. Sh. f Fruurr, 3mi’ m r. xi. 18H2, p, 14. A new 
and irislnii'tive linlit has Uen tliiown on the structure ot this Kni“'> t'l'd of th*' Alps 
generally by A. Ilolhpletz, who has traced nunicioiiM " thrusl-plancs '' tliroiigh the inoiintnins, 
and ha.*!, in niy opinion, pioved lliat the mi. called double-fold of the Gl.irus district does not 
e,\i^t, but that the structure is intelliKibly explained by a Krcat ovirthiiisl faiilt whic.li 
be has mapped, liis x’lew of the tectonic Hnangeineiit of the ground is sbown in Fig. 282. 
(Z. D. fr, a. 1883, p. 134 ; ISW. p. 1 ; 1896, p. 854 ; ‘Kin G«'ologi*cher Qnerscbnftt dnrch 
^die Ost-Alpen, nebst Anhaiig uber die nog. Glariier I)op]»elfalte,’ Stuttgart, 1894 ; *Geotdk- 
tonische Probleme,' Stuttgart, 1894; ‘Das (leotektonische Problem det (Jlatner Alpen/ 
Jena, 1898, with atlas ; • Geologisrhe AlfienforHclningeii,’ No. 1, Mnnitdi, 1900.) In the 
second edition of the present Text-book (1886) it was pointed out that in Kig. 257 no mere 
plication conld bring the White Jura where it lies comparatix’ely undisturluKl on the edge 
Of the eyi^ssively plicate<l Eocene beds, but that it has eridently been jauthed over the 
latter, the line of j%ictiou lietween them being a “ thnut-plane. ” Tlmt this is the true 
stmetare of the gronnd has since l«eu shown by Rothpletz. 5le« in particnisr Plate v. Fig, 4 
of his *Qlamer Alpen^ which goes through the same piece of country ; and ]i. 693. 
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Where a series of strata has been so folded and inverted ^hat its 
reduplicated members appear to dip regularly in one direction, and at the 
same or nearly the same angles, the structure is termed isoclinal. This 
structure, illustrated on a small scale among the curved Siluriay rocks 
shown in Fig, 254, occurs on a gi'and swde among the Alps, .where the 
folds have sometimes been so squeezed together that, when the* tops of 
the arches have been worn away, the strata could scarcely he supjwseJ to 
have been really inverted, save for the evidence as to their true order of 
succession supplied by their included fossils. The extent of this com- 
pression in the Alps has been already (p. 422) referred to. So intense 
has been the plication, and so great the subsequent denudatig#*f> t^at 
portions of Carboniferous strata appeal- as if regularly interbedded among 
Jurassic rocks, and indeed could not be separated save after a study of 
their enclosed organic remains. 



A further mixlification of the folded structuie is presented by the 
fan-shaped arrangement {structure en iUentailf Facher- Fatten) into which 
highly plicated rocks have been thrown. The most familiar example is 
that of Mont Blanc, where the sedimentary strata at high armies seem 
to dip under the crystalline schists (Fig. 258).^ 

The larger simple flexures of the terrestrial crust, involving a wide 
region in each fold where the movement has bfcn one of subsidence or 
uplift without any marked deformation, such as rapid plication and 
inversion, may bo termed Geaidiclines and Geosynclinesy to use the names 
proposed by Dana. Where the flexures are not simple, but on the 
contrary involve many plications, and have thus been accompanied with 
considerable disturbance and often with intense deformation, they were 
termed by the same geologist Anticlimiia and Synclinona. Thus the 

* the works on nmuntain-strncturc cited in the foregoing pages, see F. M. Stapff, 

“Zur Mechanik der Schichtenfaltungou," Jah'-b. 1879, pp. 202, 792 ; tlie fine series of 
sections illustrating various features of the Alps in the plates accompanying the ‘ Materially 
pour la Carte geologiqiie do la Sui8.se,’ es^iecially Livraison xvi. on the VatuioU Alpsy by 
' Professor Renevier ; Livrsison xxi. by E, Favre and Schardt, on Cantm de Vavd, kc. , and xxv. 
(1891), by A. Heim on the High Alpn hetwen Rcuss and RKrne. Other essays have been 
published by M, Bertrand in Bull, Carte (*(al. France, No. 24 (1891) ; B. S. 0. F. xxii. 
(1894), pp. 69-162; MM. Bertrand and GoIIiez, op. cU. xxv. (1897), p. 668;i.E. Ritter, 
BuU, Carte QM. France, No. 60 (1897-98) ; L, Duparc and L. Mra^"^, “Recherches giol, 
p^trog. Ma.ssif du Mont Blanc," Mhn. Soc. Phys. Hint. Faf. Oenhe, xxxiil No. 1, 1898 h 
The subject of dislocation in mountain -structure is referred to, postec^. p. 692. 




wide region in which by long^continued sttbiidence and deposition the 
geolo^cal formations of Central Fairope were laid down may he termcMl 




the wide central valley between that ehaiii an<i the parallel aTiticlinorinni 
of the Jura mountains is a Synclmoriuin.’ 

Crumpliny. — In the general plication of a district there arc usually 

* Dana’s ‘Manual of , \ an Cfol. iv. ]■. .111*. 
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localities wliere the pressure(*lias been locally so intensified that thS stmt* 
have been corrugated and crumpled, till it becomes almost impossible to 
follow out any particular bed through the disturbed ground. On a small 
scale, instances of such extreme contortion may now and then be found 



Fix- '.‘'il (if Ali'tiic F,lmfstuiic, slHminx 1 >uoK»tiiik jh(h1ikt<1 1») giffil 

Iat«‘nil C(im|>i«'SHioii (ii'nl «i7e) 


at faults and landslips, where fissile shales have l)een corrugated by sub- 
siding heavy masses of more solid rock (Fig. 259). But it is, of course, 
imong the more plicated parts of mountain -chains that the structure 
receives its best illustrations. Few travellers who have passed the upper 
end of the Lake of liUcerno can have failed to notice the remarkable 
cliffs of contorted rocks near Fluelen. But innumerable examples of 
equal or even superior grandeur may be ob.ser\ed among the more preci- 



Fig. i62.~CiMiiiiilc(l Tiiassif UDck, TikIi .Swu/i-iIhihI (ic.i) xui-). 


pitous valleys of the Swiss Alps. Striking illustrations of the same 
structure may be found in many other great mountain-chains (Fig. 26o). 
No more impressive testimony could be given to the potency of the force by 
which mountains were upheaved. And yet, striking as are these colossal 
examples, involving i\s they do whole mountain-masses in their folds, 
their effect upon the mind is even heightened when we discover tha& such 
ha? been the strain to which solid limestones and other rfJfcks have been 
subjected that even their'finer layers have been intensely puckered. Some 
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of th«M minor erum'plingi ora readitj visible & the eye in hand-specimens 
(Figs, is, 261, 262). But in many foliated, cnimpled rocks the puckering 
is so minute as to be best seen with the microscope (Fig. .3C>). Frequently 
the puckerings have Y)een ruptured and a fine cleavage or jointing has 
been prodin^ (Auswcichungsclivage, strain-slip cleavage). 

It may often be observed that in strata which have been intensely 
crimpled, the same bed is reduced to the smallest thickness in the arms 
of the folds,* but swells out at the l)end8 as if sfjuoezod laterally into 
these loops. This change of form is more especially observable in softer 
strata interccalated among others of greater powers of resistance. It is 
rejMsJ^blv developed in some coal-fieMs, where the rocks have midergone 
considerable lateral compression, the coal -scams as the h*ast resistifig 
rftqpibers of the series being then subjected to extreme variations in 
• thickness, sometimes increasing to far more than their normal dimensionK 
in the» loops of the folds (a a, in Fig. 263), and almost disappearing in 
the limbs.^ 



Deformation and Crushing.- 1 hiring the intense shearing movcMuents 
which take place at great depths within the terrestrial crust, rocks lie 
above their clastic limit, but umler Ujo great a pressure to be crushed 
into pieces. They consequently acfjuiic a certain amount of jilasticity, 
and their individual particles have been compresscfl, elongated, and made 
to move past each other, as is iiKstructi\ely shown by the delormation of 
pebbles and of fossils (p. 4 1 9). Where the elastic limit of the rooks has 
been passed under an insutticient o\erlying load, rupture has taken place, 
as in the familiar examples furnishefl by the pebbles of conglorneiates, 
which even when corap<wed of the most solid quartzite may be seen to 
have been sliced through by a succe-ssion of fractures. Striking examples 
of this structure are furnished by the crushed Old Ked Sandstone of 
the north-east of Ireland (Fig. 264). 

p Where the distortion has taken place slowly under a sutticient weight 
of overlying material, a process of shearing has been induced whereby thc^ 
original structure of the rocks may be entirely replaced by the shear- 

. > Good e-vample* are supplied by the umcb-disturlHwi Franco Uelman coal-field ; see, 
for inrtaaje, a pti^r by M. Lohest. “8ur le Mouveineul d’ui.e Coucl.e de Honllle eutre son 
Toit et sou Mur,” A rM. .Six-. O'f Mg. .wji. (1 S»0), p. ri.’i. For jlluhtratjous of this stnu-ture. 
M shoTTO in inounUin-cliaius, see Heim’s • .Meclianihinns d^r GebirgHl.ilduufr’ where a 
*t«niiinology for the different parts of folds is gfi^cn. 
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Btructure already noticed ^p. 418). Massive coarsely crystalline peg- 
matites may be traced through successive stages wherein the component 
orthoclase and felspar are more and more crushed and drawn out, until 
in the end tlie rock becomes a compact finely fissile schist, with a peculiar 
thready or streaky structure, which can hardly be distinguisljed from the 
flow-structure of a rhyolite (Fig. 265). This change is more pnrvicularly 
developed along great thrust-planes, but may be observed throughout a 
mass of rock tliat has undergone intense shearing. 

In many cases, where the rocks may be supposed to Wave lain between 
the zones of cnrshing and plasticity, lenticular “eyes” of the original 
rock have been left little or not at all attected, while the portioiis ^^veen 
them have been crushed and rolled out, and have re-crystallised more or 



Klg. -HV) - Fik ouisIkhI into lentirles which 

■ Torridon Humlnldiif, l<dcU K**cslu»in, Mu;; n-lain of Uioir onuinul stnulure, whilfl 

iliaiii. (drnwn li) Mi. !•' W. Iludln) Tho tlif iinnt! shivari'd niiiliniiil bntwooii thiMii has 

f(d8i«ra and oUht ^'raius Imvo liwii cruslK'd [lassi'd into nddontic Hchist : Ouldalen, Nor- 

and rtatti’iifld, and tho iimtnv iimdi* to iihao way. Tin' ixirtion of rock hm> repiTsiMitfid is 

jiait tlifiii as III tiow stiucliiie. (Coinjiaio 10 feet hi^h hy S fad broad. 

Fi^t SO.) 

less completely as true schists (Figs. 266, 367). The large felspars of 
augt^ngneiss alFord, on a small scale, examples of this structure. From 
those every gradation of size may he traced up to huge blocks of the 
original rock, which have preserved their structure though completely 
enclosed in comminuted and often schistose material. Sections showing 
the close connection between mechanical crushing and the production of a 
schi^^oso structure may bo seen abundantly among the Scottish Highlands.^ 
In the Silurian district of (bddalen, Noivvay, diabases and other igneous 
rocks also exhibit every stage in the crushing down of eruptive materi«* 
e and its conversion into schists (Fig. 266). Similar structures are well 
displayed among the schists .and their accompaniments in Anglesey. 

Not only are the individual particles of rocks drawn out by shearing, 
but in the complicated process of mountain-building, larger futures of 
geological structure likewise undergo deformation. Jfho anticlinal and 

’ V. J. n. S. xliv. (1888), P. 392 ; and postea, Book VI. Part I. § u. 
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synclinal folds developed in the earlier stages of the process are sometimes 
bent over and crushed together, so as to be nearly or completely efFacod. 
Rocks which normally lie one upon the other with the most violent 
uncoujformabilitymay be found crushed together, 
with th^ir#original structures more or leas toin- 
pletely itfaced and a new jmrallel structure 
d|veloped in them, insomuch that they might 
easily be mistaken for contem])orane()us and 
* perfectly confofmable formations. Tims in the 
north-west of Scotland the nearly horizontal 
Tpiit^jon^Sandstone lies on the upturned edges 
of the much more ancient Lewisian (Ineiss, as 
ihown in Figs. 344 and 369. But where the 
strongly unconformable junction has come into 
one «f the great crush-lines it has been effaced 
and a new parallel shear . structure has bt*<*n 
developed in both rocks (Fig. 2G7). 

Where rocks lie under too light a load to 
become pl'istic, and have, therefore, given way 
to great crushing by breaking to pieces, their 
broken fragment may be pu.shed along shear 

planes or belts of movement, and may thus • 

be pressed against each other and rolled forward, until their edges arc 
rounded off and they acquire much resemblance in general form to 
the pebbles of a conglomerate. Bands of such comminuted materials are 
of not infrequent occurrence among PahTozoic and older formations 
which have suffered much di.sturbance. They arc known as Crmh- 
c&nglor)maie!> or, where the fragments arc angular, as I'lush kceem-v (friction- 
breccias). They have been mistaken for acpie.ous conghmierates, an<l this 
mistake was hardly avoidable until the extent to which the wirths crust 
has been deformed had l>een realised. 'Phey may be di.stinguished rorn 
true conglomerates by the local derivation of their matrrrials, vi iic i 
come from the immediately adjacent rocks, by the gem‘ral absciHc o t e 
smooth-rolled water-worn surfaces that characterise tlie stones of arpieous 
conglomerates, and in many cases by an obvious transition 
broken-up fragments to the more solid rem.iining I'or k from whic i ny 

were derived.^ . 

As already stated, various experiments have bemi devised to illustrate 
the facts of mountain-structure. By a combination of paralbd layms of 
different substances exposed to lateral cornpres-.ion and tensioli it is 
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11 (iiifiss itun1ii''I wiU"' 
iili|iin'iit ( mifunimhiliO 
"f Miiitli oykil, Siitlnnliiml 
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‘ G. W. I^niplugb, g. J. O. S. li. (189.0). p. . 1 m (I90(U, p. 11 , A. (i,, OV.V. 

1896. p. 481 : J. B. Hill. Q. J. G. A'. Uu. (1901), p. 813 , K. Van Him-, Jovr-v. CM-/, if. 
(1896), p. 624. The term “ autoclitatic ’’ haa iM-en propruied for llc w rockK. H. b. Smyth, 
.Uier. Journ. Set. 3rd wr. xlii. p. 331. Bonn- rooiI illuatrations of the p»eu.lo f OiiBloriUiiat«S 
in theiWchaan rocka of Ontario are given in a pajier hy A. K. Barlovi, Ottmm iVWi»m/w/ 
xii. (1899), p. 205 j^ Tlie subject of autoclastic rocks and their discrimination from ordinary 
brecctas and conglomerates is discuss'd by f. R. Van Hise m Wth A.aer. Rep. U, S. G. S. 
(1896), p. 679. 
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pOBvible to imitate many of the features of that structure and to produce 
very instructive diagrams.^ 

Tension-ruptures. — In the course of the muvements that t&ke place 
Mrithin the terrestrial crust it must here and there happen that instf^^ of 
being driven together so as to occupy smaller space, rocks areo pplled out 
and made to take up rather more room. Tension of this Wnd must 
occur on the crests of anticlines and the tops of the loops of rapid 
plications, and may often lead to rupture 
of the bent rocks along the line of 
greatest strain. The cracks thus pro- 
duced are eventually filled wi/.h 
oalcite or other mineral substances, 
usually introduced by infiltrating watei. 
Hence in a region of much-folded rocks 
parallel lines of mineral veins may* often 
be observed along the Iwnds of greatest 
tension. Ocwisionally rocks have been 
split up by rows of parallel rents, as if 
they had been pulled asunder. Remark- 
able examples of this structure are pre- 
sented by the Torridon Sandstone in the 
•west of Ross shire, where the rents have been filled in some cases with 
(piartz, in others with a pegmatitic admixture of quartz and pink felspar, 
probably derived from the surrounding rock, which is an arkosc. 

PaUT V. Cl.KAVA(JK. 

Cleavage-structure having been described jit p. 417, we have to notice 
here the manner in which it presents itself on the large scale among 
rock-masses. The direction of cleavage usually remains persistent over 
considerable region.s, and, as was shown by Sedgwick,- corresponds, on 
the whole, with the strike of the rocks. 'It is, however, independent of 
bedding. Among curved rocks, the cleavage-planes may be seen traversing 
the plications without sensible deflection from their normal direction, 
parallelism, and high angle. They must thus be strictly later than these 
plications. But their general coincidence wdth the trend of the axes of 

’ See ante, p. 422, where the experiments of Hall, Favre and Cndell are noticed. The 
ample series of plates accompanying Mr. Bailey Willis’ memoir on the mechanics of Appala- 
chian structure cited on p, 672 give a vivid picture of the experimental results uhtaiued bv 
him. donsult also Mr. Mellard Reade’s ‘Origin of Mountain Ranges,’ 1886. 

■•*,“On the Structure of large Mineral Masses," Tram. (ieol. Nor. 2nd ser. iii. (1835)— an^ 
adtuirahle memoir, in which the structure of a great cleavage region is clearly and graphically 
heacrlbed. Pliillips gave a good summary of our kuowledge up to 1866 in his " Report on 
Cleavage" in the Brilish Assoc. Rep. for that year. Au exhaustive memoir on the subject 
by Mr. A. Hftrker (Rep. Brit. Assoc. 1885, p, 813) contaius copious references to the 
bibliography. See also Rev. 0. Fisher. Geol. Mag. 1884-86. and ' Physics of tlte Earth’s 
Crust’ G. F. Becker, Jouni. Oeol, iv. (1896), p. 429 ; C. R. Van Hise/hj;. cU. p. 449. An 
e.xoellent account of a large area of cleaved rooks will be found in T. N. Dale’s "Slate Belt < 
of Eastern New York " in lOth A m«. Rep. U. S. O. S. (1899). , 
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folding* serves to indicate a community of origin for cleavage and folding, 
as condomitant though not perhaps always simultaneous effects of the 
lateral compression of rocks,' Among curved strata, the plant's of cleavage 
sometimes coincide with, and are sometimes at right angles to, the planes 






!f»l>edding, according to the angles of tlu' folding (Fig iM!')). 'I'lie 
persistence of clea^■age-pl^lne8 across e\en the must diterM- kinds ot ruck, 
both eedimentary and igneous, "vva» 
first described by Sedgwick, d nkes 
also pointed out that over the whole 
of the soutli of Ireland the trend of 
the cleavage seldtmi departs 10 from 
the normal direction K 25" N., no 
matter what may l)e the ditt’erences 
in character and age of the rocks 
which it crosses. But though cleav- 
age is .so persistent, it is not e<iually 
well developed in every kind of rock. 

As already explained (p. 41H), it is 
most perfect in fine grained argilla- 
ceous rocks, which have been altered 
by it into slates. It is often well de- 
veloped in felsites and other igneous 
rocks, which then furnish good flags 
or oven slates. It may be observed 
at once to change its character us it 
passes from fine-giuined rocks into 
others of more granular textuie (Figs 83, 84). Occasional traces of 
distortion or deviation of the clcavage-pIancH may be observed at the 
contact of two dissimilar kinds of rock (Fig. 2< 1). In the case of coarse 
grained rocks, the largo particles may be observed to have been shifUid 
so as to lie with their long axes parallel with the planes of clwivago, even 
when these planes may be at right angles to those of stratification. In 
^conglomerates, for example, it is common to find that the pebbles iiavc 
been turned round so as all to lie in new planes coincident with those oj 
the cleavage of the adjacent finer-grained strata. Kemarkablc examples of 
this alteration may be seen near Westi^rt, County Mayo, where some con- 
glomerates and grits have been violently plicated and cleaved (Fig. 270). 

A region i|py have been subjected at successive intervals to the 


.•:m l-lKIlfi'-t UIkI ili.t'xl ( .•liJ.l'illHl'Ul^H ailtl 

illla (' I'lW'M .SlltllWin), "llliwlll); till' 

Ilf, <,f Iwtiliiiij; hint Hinl Oif li aiitiiUP- 

ni-iit of Ui*' h m Uii* tioii of clcathni'. 
} iiiilcH fnHt of \^tKtiM'it <'uiiiit\ Mn.\o. 


‘ Harker. Brit. A$ 90 c. Rq>. 1886, p. 852. 
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compression that has produced cleavage. The Silurian rocks the 
south-west of Ireland were upturned, and probably cleaved, bef<fte the 
deposition of the Old Red Sandstone, which has in turn been well 



Ki^. -’71.- Stiuti, Wiveliscomb*’, West Soitu'i set 

Sliowiii;^ llu' clf.'ixani'-littes (t a unilul.itiii)' at the |aitin;;s of ttif stratii h h 


cleaved.^ F.viilerHio of the relative date of cleavajj;e may bo obtained 
from u?iconfornial)lo junetions and from conglomerates. An uncleaved 
HSries of strata, lying upon the denuded edges of au older cleaved series, 
proves the date of cleavage to be intermediate between the periods of the 
two groups. Fragments of cleaved rocks in an uncleaved conglomerate 
show that the rocks whence they were derived bad already suffered 
cleavage, before the detritus forming the conglomcirate was removed 
tfrom them. An intrusive igneous r<»ck, traversed with cleavage-planes 
like its surrounding mass, points to cleavage subsequent to its intrusion 

(Fig. 272).-^ 



Kii;. .’T2.-Vfm <a I’oiiihjry (d) ciosHhii^ Oexoniiui SluU-s(?)), ri>inout)i Souml, Uit)i boiiiK 
travnacil li} rlc.ivauf {/O 

Between eleiivage and foliation there i.s in many cases a close relation. 
Microscopic examination of some cleaved rocks shows that in original 
clastic sediment a micaceous mineral has l>een abundantly developed, 
the plates of which are ranged along the planes of cleavage. This 
mica can be distinguished from original mica-flakes in the sediment. 

It may be observed, in many cases, to impjirt a lustrous silvery or silky 
sheen ito the cleavage-faces of a slate, yet may bo at right angles to the 
original lamination of deposit. Such a crystalline re-arrangement is 
indeed an incipient foliation. It is the same structure, further developed^fc: 
Vnd intensified, which gives their distinctive character to schists. The 
crystalline metiimorphosis naturally proceeds along the lines of least 
resistance, Avhich in cleaved rocks are the cleavage-planes, and in 
uncleaved sedimentary rocks are the planes of deposition. Foliaiiion, as 
already remarked (p. 428), may sometimes represent stifttification, some- 

‘ l)e la Beche. ‘(Jeol. Observer.’ p. 620. “ p. 621. 
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times cltevage, and sometimes divisional planes superindiicod^by shearing 
or faultfhg.^ 

Before passing from this subject it may l»e well U* note how deceptive 
is the resemblance of oleavage plancs to l>c‘d(liiig, especially on weathered 
exposifl-es oi^rock, where jM^rhaps the original bedtling has been obscured 
or oblitarlSted. At first sight, for instanee, a porliou of a grou[) of hlales 
(a in Fig. 27 d) sticn by itself might be suppo.sed to eonsisi of highly 
incfined vertical strata. But furtlier I'xaniinalion of this section would 



tiu' On ( 1 I 11 < 'll).. I II. il’ilitN Mil. n .1 .IUII|I ..I I'll! 1 ' n< .1 'I 

UII l^lii.llin) l,ljll\ I l..n'ii -lll.>(-> W.M < ■-,-1 ..I Isl■,^ 

disclose line^ of sctlimciit or of colour, inaiKing the strut dieation which 
here uiidulales in an antidiiial fold . uliib* an o\«‘ilynv 4 gioujxif grits (/v) ^ 
that had resisted cleavage, and s(>eiiied to Ire lying unconforniably on the 
edges of the slates, would be seen to be a perfectly (onfornialrle deptrsit. 

Kxjtei ol)st‘t\i'is li.ive Ihm n uiisli-l by tln^ n 'tt inlti.on At l.l.oiUeiiH, lor 
example, the lnvo*r poitioii el u sc<'tiun (oii'^ists nf v(»l(€»iiw tul! and the upper of 
conglomerate. The lutr hejng e«>mpa< t oid liiif gtaim d, lias uiideiguiie .sueh tiecided 
cleavage that at tiisl tin- Hags into wlm h it is (li\id<-i l-y tin- ■ h.ivnge planes might bo 
mistaken (as tliey have in hut laen. Im laddint; .md the . ongloineiale uoiild thtnho 
regarded as a much yoiitig-r dejw.sit lying nneuiiloim.d.ly on the Hill. Jn n ahty. 
however, the tiitrcoim ides in lU bedding with tin- < cniglonn i.ite , they me puits ol one 
continuous .senes, but the course giaiiu-d (ongloin. Mte has l..en only slightly .dh eted 
by the presaiue whicli induced jieil'et ihavagi in the tulT.* 


PaKT VI. 1)I.SI.(M AT10.N. 

The movements which the crust of the earth has umlergotie have not 
only folded and corrugated the rocks, but have fiaetuied them m all 
directions. The di.slocation.s may be either .simple Kr.s.sures, that is, 
rents without any vertical displacement of the ma.^s on either side, or 
Faults, that is, rents where one side has been mo\cd relatively » the 
gther.» It 18 not always {sishilde, in a shallernl rock, U> diKcnminate 
> See Sedgwick, fAW .'vr. (2). in. p. “ISl. l>arw"« tohalion and cleavage, ^ 

‘Geological Obstjrvalions in South Aineruii, IMO. p 162. A • ItainHaj, (»iolo,,y of 
North Wales,” Man. Sun-ey, vol. ni. ‘2iid mIiI. \>. 2:t3. F. M Staj^ff, Jakrb. 

1882 (u), p. 82. , , . 

- See Ai» locality tigureil m ‘Ancient Volcainais of Gre^at Untam. vol. i. p. 162. 

=» The student of tlw department of geology will tiud m the joint cs.say by .M, K. de Mar- 
Jerie and Professor Heim, cited on p. 672, a valual.le handJxsik of the terms use.1 to descril^ 




between joints And tiose lines of division to wbieh the term figures is 
more usually restricted. Many so^Ued fissures ijiay be merely Chlarged 



joints. It is common to meet with traces 
of friction along the walls of fissureis, 
even when no proof of actual \^^^tical 
displacement can be gleaned. TT^e rock 
is then often more or less shattered^ on 
either side, and the contiguous Mces 
present rubbed and polished surfaces 
(slickensides, p. 6G1). Mineral deposits 
may also commonly be observed^ en- 
crusting the cheeks of a iissfire, ^ or 


filling up, together with broken fraj,^- 
meiits of rock, the space between the two walls. The structure of 


mineral veins in fissures is described in Part IX. 


Nature of Faults. — In a large proportion of cases, however, there has 
wfeeii not only fracture hut displacement. The rents have become faults 
as well as fissures. The movement may have attected only one side of the 
fissure, or both sides. Sometimes it has consisted in a more vertical subsid- 
ence of one side ; in other cases, one side 1ms been pushed up, or while 



m. Sfvthn of :i raiill. Vim. JTO.-. Section of Fault uitli in\<*iled \mU 

.iistnilKiuru of iork<. ‘>'8 ‘lowiithrow m.le. 


one side has moved upward the other has sunk downward, or both sides 
have ^een shifted up or down from their original position, but one more 
than the other. In ordinary faults the displacement is usually vertical or 
nearly so. But in some regions faults have been produced by a lateral, 
'•thrust of one side of a fissure past the other side. This structure comes out 
with remarkable prominence in the gneiss district of W estern Sutherland, 
where dykes crossed by such lateral thrusts are disrupted and drawn out 

the various structures nri-sing froiu rupture.^ of the terrestrial crust. Some definitftn of tern^ 
ill i-egant to faults are also given by J. E. Spurr in a paper on “The Musurement of FanltvT 
fMrf. V. (1897), p. 723. 




breadth.^ ^ 

Ftolts on a small scale are sometimes sharply defined lines, as if the 
> rocks had been sliced through and fitted together again after being 
shifty. In such cases, however, the harder portions of the dislocated 
rockf will usually be found slickensided. More frequently some disturb- 
ance Mcurred on one or both sides of the fault (Fig. 275). Some- 
t^es, in a series of strata, the beds on the side which has been pushed up 
(or side of« upthrow) are bent down against the fault, while whose on 
• the opposite side (or that of dow'nthrow) are bent up (Fig. 276). Most 
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Fig. ‘J77.--.‘ie*'tion of group of KuuIIm, comI of O!aiiiont*»i<hli«*, of Lavi*riKK*k l’<»irit (Ik] 
m M 1 ft, Hire* a(IJik^ent fniltn wliioii the incliiMtioii of U»r BtraU in ahlft4*ii and Home of tha bftdi an 
crumplixl ; o, dolouiitir liint'Ht^wie and marl; (», r, (lolomitlr llnmtone; (/, dolomltlc COn* 

glomerata , A, bc-dM correBtMinding with Uiobo on tin* left ; i, l.laH, thi'own In hy a " reierNtxl " Ikult. 

commonly the rocks on both sides are considerably broken, jumbled and 
cruraplefi so that the line of fracture is marked by a belt or wall-like mastf 
of fragmeiitary rock, known as “ fault-rock.” Where a dislocation has 
occurred through materials of very unequal hardness, such as solid lime- 
stone bands and soft shales, or where its course has beeti uriHulating, the 
relative shifting of the two sides has oce^asionally brought opjKwite pro- 
minences together so as to leave wider intersjmces (Fig. .346). The actual 
breadth of a fault nuiy vary from a mere chink into which the iwint of a 



Fi/. ‘iTK tH)ii id im liiiwi .uid mtIk bI Fault »>. 


knife could hardly be inserted, up to a band of btoken and often con- 
solidated materials many yards wide. Where a fault has a consitlorablo 
throw, it is sometimes flanked by parallel small faults. The occurrence 
of these close together will obviously produce the appearance of a broad 
zone of much fractured rock along the trend of a main fissure. A line of 
disturbance may consist of several iMirallel faults of nearly equal magnF 
tude (Fig. 279, section 3). 

* Import ou (ieological Murve) work, Qimrt, Jovru. (itol, S>ic. xliv. (1888), p, 893 ; 
and po$Ua^ Fig. 88g 



Ml ij' ^ I, .M^|, , ,,,, 

sometima^ vertical^ but are genemlly iycKned. 1%e largest 
faultSi or tboee with the greatest Yortical Throw or dispiaoement (pf 694), 
commonly slope at high angles, while those of only a few feet yards 
may be inclined as fow as 1 8® or 20®. The inclinatidfi of a fault from 
^ the vertical is called its Hade. In Fig. 278, for example, the faul^t B, 
being vertical, has no hade, but that at A hades at an angle of 70^from 
the vertical to the left hand. The amount of throw is repre^nted its 
the same in both instances, but with the direction of throw to opposi^ 
quarters, so that the level of the beds is raised between tho two faidts 
above the uniform horijjon which it retains beyond them, t 

The effect of the inclination of faults is to give the appearance of 
lateral displacement. In Fig. 278, for example, where the hade of one 
fault is considerable, the two severed ends (c and d) of the blaclc fcd 
appear to have been pulled asunder. The horizontal distance to which 
they are removed does not depend upon the amount of vertical displace- 
ment, but upon the angle of hade. A small fault with a great ha(^ will 
shift strata laterally much more than a large fault with a small hade. It 
t’’ obvious that the angle of hade must seriously affect the value of a coal- 
field. If the black bod in the same figure be supposed to be a coal-seam, 
it could be worked from either side up to r and d, ))ut there would be a 
space of barren ground between these two points, where tlie seam never 
could be found. The larger the angle of hade the greater the breadth of 
such barren ground. 

Different Classes of Faults. — There are two great classes of faults : 
(1) those in which gravity plays a chief part and one side subsides 
(Normal Faults), and (2) those in which, consequent upon compression 
Mnthin the terrestrial crust, portions of tliis crust are pushed up over 
other parts (Reversed Faults, Overthrusts). 

1. Normal Faults. — In the vast majority of cases, faults hade in 
the direction of downthrow, or in other words, they slope away from the 
side which has risen. These are iVormil FaulU The explanation of the 
structure is doubtIc.s8 to be found in the fact that the portion of the 
terrestrial crust towards which a fault hades presents a less area of base 
to pressure or support from below than the mass with the broad base on 
the opposite side, and consequently in obedience to gravity sinks down 
along the plane of the fault. The mere inspection of a fault in any 
natural or artificial section suffices, in mo^t cases, to show which is the 
upthrow side. In mining operations, the knowledge of this rule is 
invaluable, for it decides whether a coal-seam, dislocated by a fault, is to 
be sought for by going up or down. In Fig. 278, a miner working from 
the left, and meeting with the fault at c, would know from its hading 
towaras him that ho must ascend to find the coal. On the other hand, 
were he to work from the right, and catch the fault at d, he would see*- 
‘that it would be necessary to descend. According to this rule, a normal 
fault never brings one part of a bed below another part, so ae to be 
capable of being pierced twice by the same vertical shaft. 

2. Reversed Faults or O^ierthrusts are those in which, lower 
rocks on one side have been pushed over higher rocks c^*: the other. In 


■' "*"; ; , „t ,,. . , -: . , i >- , , # — -"r: ' *;m"f: 

theie oue^ the wm ^tam mky be piettedi twloe by * vertietf iMfi. 
The hade ii therefore in the direction of upthrow, but is often so low itt 
, angle that the plane of the fault (thrust-plane) beoomes nearly flet or 
even undulating. Faults of this kind chiefly occur in regions where the 
rock^havo been excessively plicated, and es|)ecially where one-half of 
a fold^l^been pushwl over another (Figs. 277 and 279, section 4).* 



Fig. "I’Ty. - Sw tmim to llif rt'hiliotis nf Moiiodinal Fdldi and Fault*. 
li Muii^liiial ; ‘J, MoiifKliiial fold ifjiI.M'od t»j n s)>igl«* iioriiiul fault , 3, Muiioclliial fold roiivciiMl 
into H hcHos of jwnith'l noiiual fuult^ . i .M-UK^liual told do\Ho|H-d hy IncmiHo of |>llcalloii iiiUt* 
n'vt-fHHl fault 

They are closely connected with anticlinal and synclinal folding. Thus, 
a monoclitial fold may by increase of Intend pressure be dcvoloj)od 
into a reversed faidt. lieuuliful examples of this relation have been 
observed by Powell and others among tlk) little disturbed formations of 
the great plateaux of Utali and ^Vyoming. On a smaller scale exctdlent* 



fig. ' 0>frllirusts in lh<' I Cn’tnci‘oU’' fui iiiutloiiY, Sliorp, Ku‘<lbouiii<‘ 
(I, guult , b, gru-hnafid , r, idiHlk. T I, tlinHl-jduiic*. 


illustrations of overthrust.s with low thrust-planes may be found among 
the comparatively little disturbed Cretaceous and 'J'ertiary lormatifuis of 
the south of England. Fig. 280 , for example, represents two thrusydune* 

^ ^ If faults were generally due, to rujitiire from < (ltM|l^•^hKln wi- ,>houl<l e,\j>ecl tlie 

“reversed " to be the ordinary form. The norma! )ia4le of laults jKUnts to the OMhteme of 
Btreoses iu the crust ol the earth which are from lime to time relieved by disbitMtion, bnf 
the nature of these stresses and the manner in which faults arise arc still among the olisiure 
problems of geology. The first recognition of a reversed fault or overtlirust appears to hare 
been by^he mineralogist C. a Weiss, who in October 182(} found near OrcMUn an old 
granite which had^n pushed over the Cretaceous strut*. See Kothpletz, Vompt, nnS. 
Congrit Otol. Inter aai. Zurich (1897), p. 262. 




which are exposed on die shore to the vest of Es^tboiuiie. It w01 be 
s^n that in each case the Gault and Greensand have been pushed up so 
as to overlie the Chalk which normally comes above them both.^ 

It is in mountainous regions, where rocks have undergone the greatest 
amount of disturbance, that overthrusts are most abundantly deveftped ; 
they become there, indeed, the more common type of dislocatidn? ^ In the 
Alps, for example, they may be observed of all dimensions, from the most 
trifling movement, amounting to only a few inches or feet, up to the mW 
gigantic displacements. Excellent examples of the minor kind are con-o 
spicuous on the limestone walls of the valley of Lauterbrunnen (Fig. 281 ), 
where the Jurassic strata have been sliced through by many gently inclined 
thrust-planes, along which the shifted rocks fit close without atfy STusled 
material between them. From such unimportant faults in the general 
tectonic structure of the ground, stages of increasing magnitude may^oe 
traced in a mountain-chain, until we are brought face to face witl^ some 
of the most gigantic horizontal displacements, whereby largo mountainous 
^raasses of the terrestrial crust have been thrust over younger formations, ° 
in some cases for a distance of many miles. 

Retnarloible illustratfona of thia atructuro have been carefully studied and mapped 
in the north-west of Scotland. The oldest (Archtean) iock.s have there been driven 
forwards for miles upon gently inclined thrust-planes, and now lie upon the younger 
, (Cambrian and perhaps Silurian) formations (Figs. 344, 362, 3G6, 369). Such a structure 
points to enormous tangential pressure, by which the veiy loundations of the country 
were torn up aud thrust towards the surface. Subsequent denudation having carved 
the ground iiito mountains and valleys, the strange spectacle is now presented of out- 
lying cakes of the very oldest rocks that cap the heights, and look as if they lay 
normally on the much younger formations lieneath them. These gently inclined or 
even undulating overthruats (thrust-planes) have been displaced by younger normal 
faults, precisely as if they hud Iwen planes of stratification. In many places, so intense 
have been tlie mechanical movements that extensive metamorphism has been induced 
by them. Along the thrust-planes, and for some way above tlietn, the rocks that have 
been pushed forward have undergone enormous shearing. As above remarked (p. 883)i 
their original structures have been etfsced, new divisional planes have been developed in 
them, and they have become more or less schistose along new foliation -planes, the new 
minerals crystallising along the shenving-surfaoes u]»pro.\miately parallel to the thrust- 
planes. A general idea of the complication of this structuie may be obtained from- 
Fig. 369, where it will be observed that successive slices of the rocks have been ruptured 
and pushed towards the left hand on numerous minor thrusts at comparatively high 
angles, and that over these come much more powerful thrusts at lower angles, by which 
the older rocks are driven across the younger. 

This kind of structure lm.s been shown hy Rothpletz to jilny an important part in 


’ A. Strahaii (^. J. U. X li. (1896). p. 649, and •' Geology of the Isle of Purbeck" in 
Mfin. (Uol. i^urv.) has described a serie.s of thrust-planes farther west in the Chalk expoa^dL^ 
^ along the coast-liue of the Isle of Purbeck. The examples at Eastbourne were first detected 
and mapped by Mr. Clement Reid. 

^ B. N. Peach aud J. Horne. Xatiny, 18th Nov. 1884. The details of this structure 
with numerous illustrations will Iw found in the Report of the Geological Survey, V-/. A 
\Uv. (1888). p. 878. A detaileii memoir on the North-West Highlands is in pre^tlon by^ 
tlie Survey. See also the papr by Professor Lapworth, on “The SecAt of the Highlaiwls,”' 
Geoi. Mag. 1883 ; and postea, pp. 792, 882. 




btek u jm im U tmc«d » aStHMofi^fiiHtiov 
^^lihiWMttte IhHit Iht Um of lAko of Luoerne into tlio T^rrol. Ono of tiMti, «hleli 
ht ha* sinco workod oat in much doUil, runs from tb« Uri*Eothitoek eattwwdi tbroo|i^ 
the Oniitons Uri and Glarut, winding in Tast cnrres of outorop from the volley of ^Ot 
Linljl to that of the Bhine. This line of stupeodoiu overthrait poesei throngh the 
Qltirnisch ^td its so-colled ‘'double-fold." The structure of the district in his view 
it given on Fig. 382, which ^lossea through the some ground os that shown in Heim’s 



Pig. 281. --T)iru«t-iilaiif« ill JuniHHic LiiiipnImiii'n, Ijiutrrbniiiiii'ii, iswltrei'lsml. 


section (Fig. 257). Having had tlie advantage of traversing some of tho thrust J^knes 
‘in this region, I liave conviin ed myself that, while there has been undoubtedly much | 
folding, the main structure is correctly given by Rothpletz. 

Similar observations have been made in Scandinavia, wheie a series of gigantic over- 
thrusts of the Archaean and crystalline schists njwn tho older Palteozoic formations has 
been followed along the axis of the country for a distance of some 800 kilomolros or 500 
English miles, but it may be continuous for as much as 1800 kilometres (1118 niilei^. 
The thrusts are gently inclined or undulating planes, and the horizontal displacemsut of 
the largest of them is estimated by Tornebohm at as much a.s 130 kilometres or 80 miles. 



Fig. 2S2.— Tliniat-pUiie siiioug the iiiountanm koiiUi of the Lake of WallensUilt, caiitoni OUrUs sftil 
8t. Gall, from tlie Murgthsl through Saurenstock and Trinscr Horn ; after rrofeasor Bothplets. 

1, Trias ; 2, Lias ; 8, Cretaceous ; 4, BiKctie and Oligocene. o, great thriwt-iilsne ; h, iiomial fault. 

The push haacome from the west, where the Seveand Roros schists arc in place, and from 
which they have lieen driven eastward over the Lower and Up|)er Silurian formations.* 
The same type of displacement has been met with in many coal-iields. TJie “grande 
faille du Midi," in the north of France and Belgium, by which the Devonian rooks 
have been pushed over the Carboniferous, is a well-known and remarkable example of 
it Professor Kayser has recently mapped and described a series of large flat over- 
thrusts to tho east of the Dill, between Ehringshausen and Hohcnsolms, by which 
successive slices of the Middle Devonian formations have been pushed over the Upper 

: i 

‘ See bis papers cited on p. 677. Overthrusta iu the Swiss Jura are noteil in the * Uvret 
Guide ’ of the Congn» QtoL lutemat Zurich, 1894. 

* See the large and important memoir by this geologist, " Orundragen af det Oentifta 
Skandinaviieas Beigbyggend," K. Vei, Akad, StoikhUyn Handling, xxviii. No. 6 (1806), 
pp. 212. l%is remarkable structure has been shown on a sketch-map of Sweden on a scale 
of 1 :el,500,000, published in 1901 by the Sveriges Oeologiska Undersukning under the 
dirsetiott of Mr. ^drnebohni. See also an interesting paiier with map by Holmqnist in 
OtU, Fenn, Stockkolni, xxiii. p. 65 ; and jfodea, pp. 796, 898 


le^beit dAd botb om thlrCnlm, while a i^am of later normal &iilt« hia W iiHd 
•hif^ed these thrast* planes, as in N.W. Scotland.^ It will he remembered that the 
same straotnte is conapicnously displayed at the lower ends of the glaciers of Korth 
Glrosnland and Spitsbergen (a*Ue, p. 647). 

Throw of Faults. — That normal faults are vertical displacemeifts of 
parts of the earth’s crust is most clearly shown when the^ ^wiverse 
stratified rocks, for the regular lines of bedding and the original^ flat 
position of these rocks afford a measure of the disturbance, in Fig. 27^, 
the same series of strata occurs, on either side of each of .the two faults, 
so that measurement of the amount of displacement is here obviously 
simple. The measurement is made from the truncated end of any given 
stratum vertically to the level of the opposite end of the same stratSh 
on the other side of the fault. Where the fault is vertical, like that to* 
the right in Fig. 278, the mere distance of the fractured ends from ea(^ 
other is the amount of displacement. In the case of an inclined ^ault, 
the level of the selected stratum is protracted across the fissure until a 
^grtical from it will reach the level of the same bed, as shown by the 
dotted lines. The length of this vertical is the amount of vertical dis- 
placement, or the Throw of the fault. The throw of faults varies from 
leas than an inch to several thousand feet. 

Unless beds, the horizons of w'hich are known, can bo recognised on 
both sides of a fault, exposed in a clifi* or other section, the fault at that 
•particular place does not reveal the extent of its displacement. It would 
not, in such a case, be safe to pronounce the fault to be large or small in 
the amount of its throw, unless we bad other evidence from which to 
infer the geological horizon of the beds on either side. A fault with a 
considerable amount of displacement may make little show on a clifi’ ; 
while, on the other hand, one which, to judge from the jumbled and 
fractured ends of the beds on either side, might be supposed to be a 
powerful dislocation, may be found to'be of comparatively slight im- 
portance. Thus, on the cliff near Stonehaven, in Kincardineshire, one of 
the most notable faults in Great Britain runs out to sea, between the 
ancient crystalline rocks of the Highlands and the Old Ked Sandstones 
and conglomerates of the Lowlands of Scotland. So powerful have been 
its effects that the strata on the Lowland side have been thrown on end 
for a distance of two miles back from the line of fracture, so as to stand 
upright along the cmist-cUfi’s like books on a library shelf. Yet at the 
actual point where the fault reaches the sea and is cut in section by the 
shore-cliff, it is not revealed by a band of shattered rock. On the con- 
trary, no one would at first be likely to suspect the existence of a fault 
at all. ^ The red sandstone and the reddened Highland schists have been 
so compressed and, as it were, w'eldcd into each other, that some care is « 
Required to trace the demarcation betw'een them. 

Dip-Faults and Strike-Faults. — The same fault may give rise to very 
different effects, according to variations in the inclination or curvature 
of the rocks which it traverses, or to the influence of branch, faults 
diverging from it. Faults among inclined strata may, ii^ most districts, 

^ Kays«r, JaJirh. K. Pi-fusa. (Sfd, iMmiemaM. 1900, p, 7. 
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iH^vehidntly ^iroupM into two series one running in tbe mmk giiMm 
direction a» the dip of the strata, the other approximating to the trend 
of the strike. They are accordingly classified as dip-favUi and striki-f<MtU$^ 
which, however, are not always to be sharply marked off from each other, 
for the ip-faults will often be observed to deviate considerably from the 
norm/ll tlirection of dip, and the strike-faults from the prevalent strike, so 
m to pass into each other. 

A dip-fault produces at the surface the effect of a lateral shift of the 
sljirata. This Effect increases in proportion as the angle of dip lessens, 
but ceases altogether when the berlsaro vertical. Fig. 283 may be taken 
j^ajplan of a dip-fault (//) traversing a series of strata which dip 
^northward at 20'^. The beds on tlie east side look as if they had been 
fished horizontally southwards. That this apjarent horizontal displace- 
ment is due really to a vertical movement, and to the subsequent planing 
dovifft of the surface hy denuding agents, will he clear, if we consider 
what must be the effect of the vertical ascent or descent of the inclined 
beds at a dislocation. I’he pju’t on one side of the fracture may be puihdfl 
up, or, what is equivalent, that on the <)!||lu‘r 
side may he let clown. If tlie strike of^he 
beds be supposed to be (?ast and west, then a 
horizontal plane cutting the dislocated strata 
will show the portion on the west or upthrow 
side of the fault lying to the north of that 
on the east or downthrow side. The effect 
of denudation has usually been practically to 
produce such a plane, and thus to exhibit 
an ai)parently lateral shift. This surface dis- 
placement has been termed the heave of a 
fault. Its dependence upon the angle of dip 
of the strata may he seen by a coinpari.son of 
Sections A and B in Fig. 284. In the former, the bed a h, which may 
be supposed to be one of tho.se in Fig. 283, dipping north at 20 , once 



f it* plan Ilf ( lit !•> a 

l)i|) raull. 



Fix. — .SnctifpiiM to show lh« varlatitui of horizontal iliKplaccmiint or lli’a\« ol FaiiltH, $ 

according to thi* anxl** of inrlitiaUoii of alrata. 


prolonged. above the present surface (marked by the liorizontal line), is 
repreAented as having dropped from w h to e d. The heave amounts to 
the horizontal distance between e and ft, the throw being the vertical 
distance between ft and d. But if the angle should rise to 50^ as in B, 



UkO^ W WJttit of throw or vertical dkplaoeia^t r M i 
grea^» the heave <»• hoHaofttal ehilt dimioiahes to Tees fhiw a 
vrlat it is in A. This diminution augments with increase of inelinition 
till am<mg vertical beds there is no heave at all, though a fault udth a 
horizontal thrust will cause a lateral shift even in vertical itnita (see’ 
Fig. 366). T • ' 

Strike-faults, where they exactly coincide with the strike, may remofe 
the outcrops of some strata by never allowing them to reach the surface. 
Fig. 285 shows a plan (A) and section (B) of one of these faults, / / ' 



fhaving a downthrow towards the direction of dip. In crossing the strike, 
wo pass successively over the edges of all the beds, except the part 
between the asterisks, which is cut out by the fault as shown in the 
section. It seldom happens, however, that such strict coincidence between 
faults and strike continues for more than a short distance. The direction 
Of dip is apt to vary a little even among comparatively undisturbed strata, 
every such variation causing the strike to undulate, and thus to be cut 
moie or loss obliquely by the line of dislocation, which may nevertheless 
run quite straight. Moreover, an increase or diminution in the throw of 
a strike-fault will have the effect of bringing the dislocated ends of the 
beds against the line of dislocation. In Fig. 286, for instance, which 



Hlf. ’JBC. Plan of Slr&tA traxerst'd by a diiainiahiiig Strikt VlMlt 


V^presento m plan another strike-fault (/), wo see that the amount of 
throw increases towanls the right so as to allow lower beds successively 
to appear on on« side, while towards the left it diminishes, and finaUy 
dies out in bed Y. ^ '' 

Their effocU liecoino more complicated where faultsflraverse undu- 
lating and contorted strata. The connection between folding and fracture 


It iome^ 

diat the plicatione are Bubiequently fractured, so that the 
ault t»af appear to he alternately a downthrow on opposite tides, 
kcooiduig to the position of the arches and troughs which it crosses. 
This structure may be illustrated by. a plan and sections of a dislocated 
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Fik. ‘JS7.— Plan ot Antn'hii»‘ (A)hu« 1 Syncliiu' (S), tlihloeated by a Fault (K F). 

inticline and syncliiie, which will also show clearly how the apparuiitly’ 
ateral displacement of outcrop prcKiuced by dip faults is due to vertical 
novement. Fig. 287 represents a plan of htrata thrown into an 
mticlinal fold AA and a synclinal fold SS, and traversed by a fault FF, 
laving an upthrow (u u) to the east. A dip- fault shifts the outcroj) 
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FIK. - St-ctlunH Hloitj: (Ik- Fmilt in Fik '287. 

1, N«ction along tho nix-aMt m(I<* , 2. aartion along tin* <i<iwnLlirow Kl<b*. 


towards the dip on the upthrow side, and this will be observed to be the 
Ease here. On the west side of the fault, the black bed ft, dipping 
towards the south, is tnincated by the fault at «, and the portion on th^ 
upthrow side is shifted fonvards or southward. Crossing the syncline, 
we meet with the same bed rising with a contrary dip; and as the upthrow 
if the^ault still continues on the same side, the portion of the bed on the 
west side of th$ fault must be sought farther south. The effect of the 
fault on the syncline is to widen the distance between the two opposite 
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outcrops of ft bed on the downthrow side, or to narrow it on the ypthrow 
i|^6. On the southern slope of the anticline A, the Same bed once more 
appears, and again is shifted forwards, as before, on the upthrow side. * 
Hence in an anticline, the reverse effect takes , place, for there th# space 
between the two outcrops is narrowed on the dow'nthrow side* ♦A section 
along the east or upcast side of the fault would give the structhAj repre- 
sented in Fig. 288 (1); while one along the downcast side would hi as 
in (2). These two sections illustrate how the shifting of the 'butcrops at 
the surface can ])e simply explained by a mere vertical movement.' * . 



A. Coal-tiH'rtHnn's , J. 1,, (.’ju Imiiili'iotis hii»C'.t(tnt><li)niiiij,' Itcncttll) tln-Oonl ino.-isiirfs ns l>j thi' 

niruws , a n. dip-taiills ; S, SwaiWM , .M, the Manilil. s . U (’ . (’Imuncl 


Dylng-out of Faults,- -Dislocation may take place either by a single 
fault, or as the combined effects of two or more. Where there is only one 
fault, one of its sides may be pushed up or let down, or there may he a 
simultaneous opposite movement on cither side. In any case, there must 
be a gradual dynig-out of the dislocation towards either end ; and one or 
niore^noints where the displacement has re.achcd a maximum. Sometimes, 
as may be seen in coal-workings, a fault, with a considerable maximum 
throw, splits into minor faults at the' terminations. In other cases, th^l 
offshoots take place along the lino of tho main fissure. Exceedingly com- 
plicated examples occur in some coal-fields, where the connected faults 
become so numerous that no one of them deserves to he called the main 
or loading dislocation. By a series of branch faults, the effect of a main 
fault may ho neutralised or reversed. Suppose, for^'example, that a 
main fault at its eastern portion throws down 60 fathoms to the north,' 




ind ttikt at iotervalgv'three faults on tho same side strike off from it, each 
having a downthrow of 25 fathoms to the east ; the combined effect *of 
these branch faults will be to reverse the throw of the main fault towards 
its v^stern end, and produce a downthrow of 15 fathoms to tho south. 

• Groups^ of Faults. — The subsidence or elevation of a largo mass oi* 
block tf rock has usually taken place by a corabination of faults. Ib'Uiilcd 
n'^ips of coal-fieM.s, such as those published by the Geological Survey of 



}■ iL'. .*'•() I' l.iiill', 

Great Britain on a scale of siv iiuhes to a mile, fuiiii.sh miuh e« 

material for tho study of the way m which the ciust of flie earlli li.as 
been reticulated liy faults. In most ea.scs, dij»-f;iults are predominant, 
sometimes to a reinaikable extent, as in the portion of the South Wales 
coal-field ropn'.seiited in Fig. In other jilaees, the dislocations 

run in all directions, so as to divide the izioniid into an irregular net- 
work. * 

It often happens tlial, l>y a siiciession of parallel and adjoining faults, 
a series of strata is so disloe.ated that a given stratum, which may he near 
the .surface on one side, is cariicd dow-ii liy a scric.s of steps to some 
di.stance below. Excellent examples of thest' Step faults (Fig. 290) are to 


,•>1 



be seen in the coal-fields on both sidc.s of the upper pait of the estuary of 
the Forth. Instead, however, of having the same dowmthrow, ^aralhd 
faults frequently show’ a movement in opposite directimis. If the mass 
•of rock between them has subsided relatively to the surrounding ground,^ 
they are Trough-faults (Fig. 2i)l), and enclose wedge-shaped masses oi 
rock. It will be observed that the hade of thc.se faults is in each case 
towards the downthrow side, and that the wedge- shajanl masses with 
broad 4K)ttom8 have risen, while those with narrow liottorns and lu'oad 
tops have sunlA 

The faults of a district may not have lK*en the re.sult of one series of 
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movements, but of % long succession of displacements, or of ^eniwed 
disturbance afUr prolonged quiescence. One fault sometimes displaces 
another. In regions of reversed faults and thrust-planes, as has been 
pointed out above, normal faults have sometimes taken, place lone after 
the first dislocations. ^ 

Detection and tracing of Faults. — As a rule, faults give little 
or no feature at the surface, so that their existence would commonly not 
be suspected. In some places, where a fault has brought iC 5 ;ether two 
groups of rock of unequal durability, the harder mass wilUisually^/^found 
to rise above the softer, and may form a long band of higher grddnd, 
the margin of which is defined by the line of di8loc.ation. Occasio^lly 
the broken rocks along a fault have been removed by deiiudatfbn^leaHli^ 
a long lino of hollow or even a more marked gash. The most'^upendo^ 
display of a line of dislocation at the surface of the earth is, probtfoly^ 
that of the groat rift wh\ch runs through the centre of East Afriqi, from 
Abyssinia for some 1.300 miles southward to beyond the .southern end of 
b^kc Nyassa. 

Faults comparatively rarely appciir iii visible sections, but aro apt 
rather bo conceal themselves under surface accumulatioiis just at those 
points in a ravine or other natural section where we might hope to catch 
them. Yet they undouhtedly constitute one of the most important 
features in the geological structure of a district or country, and should 
consequently bo traced with the greatest care. In the majority of cases, 
in countries like much of Central and Northern Europe, where the ground 
is covered with superficial deposits, the position of faults cannot l)e seen, 
but must be inferred ; thoUgh it tuust be admitted that geologists have 
been prone to great recklessness in this respect, introducing faults for 
which there was little or no actual evidence, but which were convenient 
for the explanation of theoretical views of the structure of a district. 
Experience will teach the student that the mere visible section of a fault, 
on some cliff or shore, does not necessarily afford such clear evidence of 
its nature and effects as may be obtained from other parts of the region, 
where it does not show itself at the surface at all. In fact, he might be 
deceived by a single section with a fault exposed in it, and might be led to 
regard that fault as an important and dominant one, while it might be 
only a secondary dislocation in the near neighbourhood of a great fracture, 
for which the evidence would be elsewhere obtainable, but which might 
never hh seen itself. The actual position (within a few yards) of a large 
fault, its line across the country, its effect on the surface, its influence on 
geological structure, its amount of vortical displacement at different parts 
of its course — all this information may be admirably worked out, and yet 
the actual fracture may never be seen in any one single section on tlft 
ground. A visible exposure of the fracture would be interesting : it 
would give the exact position of the line at that particular place ; but it 
would not be necessary to prove the existence of the fault, nor would it 
perhaps furnish any additional information of importance. The existence 
of an unseen fault may usually be determined by an ei^amination of the 
geological structure of a district. An abruptly truncated outcrop is* 
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l^tii^yi^ggestive of fractare, though sometimes it ||»y be due to uiicon- 
fonomlilb d^oeition against a steep declivity. If a series of strata l)e 
discovered, in a water-course or other exposure, dipping continuously in 
one general direction at angles of 10^ or more, and if, at a short distanci-, 
^notllbr portion of the same series be found inclined in another direction, 
the two this striking at each other, a fault will almost always be required to 
ei^laiii t*lieir relation. If all the evidence obtainable, from the sections 
iii^'Eter-^iyses or otherwise, l>e put upon a map (as in A. Fig it 
•"'ill b||ft^ti that a dislocation must run somewhere near the piiints marked 



/ /, as there is no room for eitliei senes to turn loiind so as to <l)|} I.elow 
the other. They mu.st be mutually li uiu ated The completed map would 
represent them separated by a fault (K, lu H). The upthrow or (h^wncast 
side of the dislocation w^ould be determine(l by the obsei\ei’s knowledge 
of the order of 8iqH!r]>ositiun of the respeeti\e gntups ol ^tiata.' 

The existence of a fault haniig been thus proved fiom an examination 
of the geological structure of the ground, its line across tlnMoniitiy may 
be approximately laid down l.st, by getting exposuies of the two sets of 
rock, or the two ends of a severed outcrop on either side, as neat as pos 
siblo to each other, and tracing the trend of the di^hxalion between; 
2nd, by noting lilies of springs along the supposed course of tin' fault, 
subterranean water frequently finding its way to the surface aloi^ fault 
fissures; 3rd, by attending to surface featuies such as lines of hollow, or 
of ridge rising above hollow, the effect of a fault often being to la in* 
rocks of unequal resistance together, so as to allow th<‘ more durable to 
rise more or less steejily from the fractuie * 

’ Oft A niethoil of .tHfitmniiiK th» a-liial dn.-. lioi. of iiiooiio'iit Hlu-thtr ktafll oi 
vertical, in faults, %ee P. bake, (ifof. Mmj. If*!!/. |» f'l.^ 

De la Beclie, •Geol. Observer,’ p. 
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Ortgln of FanltS|pIn countries where%e rocks *bave ^ot ujqh^i^O > 
much disturbance, where therefore^ stratified formations are 
far removed from their original approximate horizolitality, faults are 
generally duo to mere subsidence of the crust (Normal Faults). As has 
been above stated, the great majority of faults everywhere belong t» this 
class. Van Hi^ has pl-oposod to class them as Gravity Faults^ geging that 
gravity is chiefly concerned in their introduction' Where, on other 
hand, rocks have been much compressed and plicated, both minute aUd 
also gigantic faults have been produced by tangential thrust^Rpversed 
Faults, OverthruHt). Experimental illustration has shovvirhow b*^^(y^al* 
pressure on suitable materials most of the chief features in these faults 
can be irnitiited. In the case of normal faults, a part'iof the cryst of^ie 
earth is widened until this efleet leads to the plication of the subsidiifg areaff* 
which thus adjusts itself to its new position. In the case of ovfrthrust*,', 
the i^rca of the crust is dimiriislicd. Both lateral thrust and si^idence 
liavc often been coneerned in the. origin of the (llsloeations of a Auch- 
fraetured area. 
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